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Remarks 

Claims 1-7 and 20-45 are pending. Claim 6 has been amended. Claims 8-19 are 
canceled. Claims 22-45 were not entered. Claims 46-69 are newly added. Claim 6 was 
amended to correct the spelling of "occurring." Support for new claim 46 can be found 
throughout the application, and specifically on page 42, lines 1-4. New claims 47, 50, 53, and 56 
find support at least in original claims 1 and 6. New claims 50, 53, and 56 also find support at 
least on page 36, lines 15-19 and 27-33. New claims 48, 51, 54, and 57 find support at least on 
page 36, lines 15-19 and 27-33. New claims 49, 52, 55, and 58 find support at least on page 37, 
lines 6-7. New claims 59-69 find support at least in Figures 1 1A, 1 IB, 1 1C, 1 ID, 1 IE, 1 IF, 
1 1G, 14A, 19A, 24A, and 30A, respectively, and on page 15, lines 15-25 (claims 59-65), page 
16, lines 17-21 (claim 66), page 18, lines 9-15 (claim 67), from page 20, line 29, to page 21, line 
4 (claim 68), and page 23, lines 23-9 (claim 69). 

A replacement section for the section "BRIEF DESCRIPTION OF THE DRAWINGS" is 
provided with this response. The only changes are to the description of Figure 11, where 
reference to the wrong figure numeral is made. 

Rejections Under 35 U.S.C. § 112, First Paragraph 
1. Claims 1-7 and 20-21 were rejected under 35 U.S.C. § 112, first paragraph, as allegedly 
failing to comply with the written description requirement. Applicants respectfully traverse this 
rejection. 

Claims 1-7 were considered to lack adequate written description on the basis that the 
specification and claims allegedly do not adequately describe the genus comprising regulatable 
gene expression constructs comprising riboswitches that are activated by a trigger molecule and 
produce a signal upon activation and which constructs further comprise a control strand, an 
aptamer domain, and an expression platform domain comprising a regulated strand. 

Applicants respectfully traverse, first on the grounds that multiple examples of the genus 
of riboswitches have been provided, and second on the grounds that the premise of this rejection 
is not consistent with the law of written description. 
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A. Regarding the first point, the specification is replete with examples of structural 

features and sequence relationships of riboswitches. Importantly, the specification provides 

description of the key structural features and sequence relationships necessary for the operation 

of riboswitches in general, and provides multiple specific examples of such. For example, the 

specification (page 104, lines 13-20) states: 

Riboswitches that have been discovered are responsible for sensing metabolites 
that are critical for fundamental biochemical processes including 
adenosylcobalamin (AdoCbl) (see Example 1), thiamine pyrophosphate (TPP) 
(see Example 2), flavin mononucleotide (FMN), S-adenosylmethionine (SAM) 
(see Example 7), lysine (see Example 5) , guanine (see Example 6), and adenine 
(see Example 8). Upon interaction with the appropriate small molecule ligand, 
riboswitch mRNAs undergo a structural reorganization that results in the 
modulation of genes that they encode. 

In each of the examples mentioned above, a detailed description of the riboswitch 
activated by a trigger molecule is given, along with an explicit discussion of how a trigger 
molecule interacts with the riboswitch. Thus, Applicants have described the general structure and 
operation of riboswitches; have identified the component parts of riboswitches, how they 
interconnect and operate, and how they can be recombined to form other riboswitches; and have 
provided a number of examples of riboswitches spanning a variety of genes and trigger 
molecules, thus solidifying both the validity of the general description and providing a 
representative number of examples of the structure of riboswitches. The numerous examples and 
consensus sequences provided clearly demonstrate Applicants' possession of the broad general 
subject matter of the present claims. It is hard to imagine how an applicant could provide more 
descriptive information of a pioneering invention than Applicants have provided. 

The Office Action alleges that the specification and claims do not adequately describe the 
concise structural features (e.g., polynucleotide sequences, structures of all component parts of 
the gene expression constructs) that distinguish structures within the broadly claimed genus from 
those without. The Office Action states that the specification teaches the 5'-UTR of the B. 
subtilis xpt-pbuX mRNA as a guanine-responsive riboswitch. The Office Action goes on to state 
that the specification also teaches a comparison between the 5'-UTR fragment (of 185 
nucleotides) and other bacterial sequences, whereby a conserved RNA motif, termed a "G box" 

29 



ATTORNEY DOCKET NO. 25006.001 6U2 
Application No. 10/669,162 

has been identified as a domain for guanine riboswitches. The Office Action then alleges that 
conserved secondary and tertiary structures are likely a pre-requisite for adopting the required, 
yet undefined three-dimensional fold necessary for riboswitch function. The Office Action thus 
implies that a detailed secondary and tertiary structure must be described in the application. This 
is not the case. 

First, Applicants note that riboswitches are made up of different domains that have 
different roles to play in the operation of the riboswitch. As fully described in the specification, 
riboswitches include an aptamer domain and an expression platform. The expression platform of 
riboswitches generally involves alternative stem structures. The principles of operation and 
application of platform domains are described in the specification. The formation of hybridized 
stem structures in RNA is well known in the art, and the examples and principles of the structure 
and operation of platform domains of riboswitches is described in the specification. The 
structure-function relationship of the stem structures of platform domains is thoroughly 
described in the specification and provides all that is required by the written description 
requirement for this element of the claims. 

Aptamer domains are essentially RNA aptamers. RNA aptamers in other contexts have 

been known and described for many years. The aptamer domains of riboswitches bind to trigger 

molecules and communicate through the RNA strand to the platform domain. Applicants submit 

that aptamers can be used and applied in riboswitches based on the description provided in the 

specification. Applicants discovered that aptamers in riboswitches are modular and can be used 

and interchanged between riboswitches. As noted in the specification, the aptamer domain of the 

riboswitch readily adopts the required structure without interference from, and independent of, 

the other control structures of riboswitches, even in aptamer domains synthesized in vitro: 

These conclusions are drawn from the observation that aptamer domains 
synthesized in vitro bind the appropriate ligand in the absence of the expression 
platform (see Examples 2, 3 and 6). Moreover, structural probing investigations 
suggest that the aptamer domain of most riboswitches adopts a particular 
secondary- and tertiary-structure fold when examined independently, that is 
essentially identical to the aptamer structure when examined in the context of the 
entire 5 ' leader RNA. This implies that, in many cases, the aptamer domain is a 
modular unit that folds independently of the expression platform (see Examples 
2, 3 and 6). 
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Specification, page 30, lines 23-30. 

Therefore, the generic primary and secondary structural features of riboswitches 
described in the specification produce the necessary three-dimensional structure, without the 
need for guidance or further description. This is borne out by Applicants' description and 
analysis of guanine-responsive riboswitches and their structure. Having identified an example of 
an aptamer in a guanine-responsive riboswitch (where the aptamer binds to guanine and related 
compounds), Applicants searched for, found, and identified consensus elements of other guanine 
aptamers in guanine-responsive riboswitches in other genes (see part C of Figure 41). The 
conservation and similarity of the primary sequence of aptamers in these riboswitches is strongly 
indicative that the higher level structure and aptamer function follow from the primary structure. 
Those of skill in the art would have been able to readily produce such functional riboswitches 
without concern for the three dimensional structure of the aptamer domain, because the three 
dimensional structure would have naturally folded into the correct orientation for functionality. 
Furthermore, as noted in the passage above, the aptamer domain can be a modular component 
that can be exchanged with other control sequences of the riboswitch. Because the aptamer 
domain can be exchanged with other control sequences, the riboswitch can comprise any 
aptamer. The specification comprises multiple examples of such aptamers (see, for example, 
Figures 1 1 and 41). Furthermore, aptamers in general are well known in the art and can be 
produced by known techniques, and are useful with the riboswitches disclosed in the 
specification. 

The Advisory Action mailed February 8, 2008 merely repeats the flawed reasoning of the 
Office Action (merely referring to the detailed structures of example riboswitches and then 
alleging without support that such detail is required for an adequate written description) and 
provides not explanation of why such reasoning could support the present rejection in view of 
Applicants' arguments above. For the reasons discuss above and elsewhere herein, Applicants 
submit the claimed gene expression constructs are adequately described. 
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B. Subsequent to Applicants' invention, it has been confirmed that the consensus primary 
and secondary structural elements described in the present application naturally produce the 
structure required for riboswitch function. Tertiary structures of five classes of riboswitches 
have been solved and published (guanine-, adenine-, TPP-, SAM-, and glucosamine-6- 
phosphate-responsive riboswitches). In each publication the authors note how well Applicants' 
models and probing data (which corresponds to the models and data described in the present 
application) fit with the tertiary structures. For example, Serganov et al., Chem. Biol. 11:1729- 
1741 (2004), a copy of which is submitted with this Response, describes the crystal structure of 
add adenine-responsive riboswitch and the xpt guanine-responsive riboswitch. The add and xpt 
riboswitches are examples of riboswitches in the present application (see, for example, Figures 
1 IE, 1 IF, 23, 24, 25 28, 35 and Examples 6 and 8). Serganov (2004) compares the crystal 
structure, and the functional significance of the structure revealed, with the conserved primary 
and secondary structural elements that characterize the adenine and guanine riboswitches. See, 
for example, Serganov et al. (2004) page 1737, second column, third and fourth paragraphs; page 
1738, fist column, first, second and third paragraphs; and page 1738, second column, first 
paragraph. Serganov et al. (2004) confirms and concludes that the primary and secondary 
structural information and the conserved elements of adenine- and guanine-responsive 
riboswitches that were earlier identified have structural and functional significance in the crystal 
structure. For comparison to the crystal structure, a number of these passages in Serganov et al. 
(2004) refer to the primary and secondary structural information of citation number 24, Mandal 
& Breaker, Nature Struct. Mol. Biol. 1 l(l):29-35 (2004) (a copy of which is submitted with this 
Response) which describes some of that same structural information in the present application. 
For example, present Example 8 describes work reported in Mandal & Breaker and Figures 35- 
40 in the present application correspond to Figures 1-6, respectively, in Mandal & Breaker. 
Thus, Serganov et al. (2004) provides evidence that the conserved and consensus structural 
elements identified in the present application are significant in determining the crystal structure 
of the riboswitch. 

Serganov et al., Nature 441:1 167-1 171 (2006), a copy of which is submitted with this 
Response, describes the crystal structure of the thiM thiamine pyrophosphate (TPP) responsive 
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riboswitch. The thiM TPP-responsive riboswitch is one of the example riboswitches in the 
present application (see, for example, Figures 6B, 9A, 11B, 13 A, and 13B and Example 2). 
Serganov (2006) compares the crystal structure, and the functional significance of the structure 
revealed, with the conserved primary and secondary structural elements that characterize the TPP 
riboswitches. See, for example, Serganov et al. (2006) page 1 167, first column, last paragraph; 
page 1 168, second column first paragraph; page 1 168, second column, last paragraph; and page 
1 169, first column, third paragraph. Serganov et al. confirms and concludes that the primary and 
secondary structural information and the conserved elements of TPP-responsive riboswitches 
that were earlier identified have structural and functional significance in the crystal structure. 
For comparison to the crystal structure, a number of these passages in Serganov et al. (2006) 
refer to the primary and secondary structural information of citation number 4, Winkler et al, 
Nature 419:952-956 (2002) (of record), which describes some of that same structural information 
in the present application. For example, present Example 2 describes work reported in Winkler 
et al. and Figures 6, 7, 8, 9A-C, and 13B in the present application correspond to Figures 1-5, 
respectively, in Winkler et al. Thus, Serganov et al. (2006) provides evidence that the conserved 
and consensus structural elements identified in the present application are significant in 
determining the crystal structure of the riboswitch. 

A new class of riboswitch has also been identified based on the consensus primary and 
secondary structural elements described in the present application, which confirms that 
riboswitch function predictably follows from the primary and secondary structural characteristics 
of the RNA. Kim et al., Proc. Natl. Acad. Sci. 104:16092-16097 (2007), a copy of which is 
submitted with this Response, describes the recently discovered 2'-deoxyguanosine-responsive 
riboswitch. The 2'-dG riboswitch was identified by searching sequences for primary and 
secondary structural elements based on the consensus structural elements of the guanine- 
responsive riboswitches that are described in the present application. In particular, Kim et al. 
refers to prior work with guanine- and adenine-responsive riboswitches as providing the basis of 
the identification of the new type of riboswitch, citing, for example, Mandal et al., Cell 1 13:577- 
586 (2003) (reference 26) (of record) and Mandal & Breaker, Nature Struct. Mol. Biol. 
1 l(l):29-35 (2004) (reference 27). Example 6 in the present application describes work reported 
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in Mandal et al. (2003) and Figures 23-29 in the present application correspond to Figures 1-7, 
respectively, in Mandal et al. (2003). As discussed above, present Example 8 describes work 
reported in Mandal & Breaker and Figures 35-40 in the present application correspond to Figures 
1-6, respectively, in Mandal & Breaker. Once the 2'-dG riboswitch was identified in Kim et al. 
by these sequence and predicted secondary structural features, an example of a 2'-dG riboswitch 
was tested and determined to have the expected secondary structure and the expected riboswitch 
activity. Thus, Kim et al. also provides evidence that the consensus structural information 
provided in the present application represents structural information that adequately distinguishes 
the claimed riboswitches from other, non-riboswitch molecules. Further, the consistency of 
Applicants' description and understanding of riboswitch structure and function in the present 
application to subsequent findings regarding, and examples of, riboswitches is clear evidence 
that Applicants' were in possession of the riboswitches as presently claimed. 

Applicants have also continued to identify additional riboswitches based on the original 
description and features described in the present application. Examples of such continued work 
include Barrick and Breaker, Genome Biology 8:R239 (2007), and Weinberg et al., Nucleic 
Acids Research 35(14):4809-4819 (2007, copies of which are submitted with this Response. 
These publications show that the general description of a new class of regulatory element based 
in RNA provided in the present application identified and described all of the key features and 
functions of riboswitches such that riboswitches could be identified and distinguished from what 
came before. Blount & Breaker, Nature Biotechnology 24(12):1558-1564 (2006), and Tucker & 
Breaker, Current Opinion in Structural Biology 15:342-348 (2005), copies of which are 
submitted with this Response, are reviews that describe riboswitch structure and function. These 
publications show the consistency between the description provided in the present application 
and the continued work in riboswitches since Applicants' invention. 

C. As mentioned above, the premise of the arguments in the Office Action is not 
consistent with the law of written description. Compliance with the written description 
requirement need not involve the specific disclosure of every permutation of an invention, but 
should be commensurate with knowledge that comprises the state of the art. For example, in 
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Capon v. Eshhar v. Dudas . 76 USPQ2d 1078, 1082 (Fed. Cir. 2005), the court held that neither a 
complete nucleotide description nor operability of every permutation within a generally operable 
invention is required in order for an adequate written description of generically claimed nucleic 
acid constructs. Capon involved claims broadly drawn to nucleic acid constructs encoding a 
chimera of single-chain variable portions of antibodies and transmembrane lymphocyte signaling 
proteins. Both parties in an interference proceeding had appealed a decision by the Board of 
Patent Appeals and Interferences ("Board") that their specifications failed to provide an adequate 
written description of the claimed constructs. In particular, the Board stated that it could not be 
known whether all the permutations and combinations covered by the claims would be effective 
for the intended purpose, and that the claims were too broad because they might include 
inoperative species. Specifically, the Board stated that the disclosure of specific examples 
provided in each party's specification, in the absence of any sequence information within the 
specification, did not provide adequate written descriptive support for the invention. In reversing 
the Board's decision, the court in Capon held that since specific examples of the production of 
specified chimeric genes were provided in the specification, it was not necessary that every 
permutation within a generally operable invention be effective in order for an inventor to obtain 
a generic claim. The court also confirmed its long-standing precedent that the disclosure 
required to meet the written description requirement will vary with the nature and scope of the 
invention. In sum, the court in Capon concluded that knowledge in the art of the sequences of the 
nucleic acids that were joined to construct the chimeric DNA molecules, together with 
Appellants' disclosures of known methods for joining nucleic acid molecules to form chimeric 
DNAs, provided adequate written description of DNA molecules encoding chimeric receptors, 
and therefore recitation of exact nucleotide sequences was not required. 

Applicants assert that this same logic applies to the claimed riboswitch constructs. 
Applicants have described the general structure and operation of riboswitches; have identified 
the component parts of riboswitches, how they interconnect and operate, how they can be 
recombined to form other riboswitches; and have provided a number of examples of riboswitches 
spanning a variety of genes and trigger molecules. Like the applicants' disclosures in Capon . 
Applicants have provided specific examples of riboswitches, as well as clear guidance of how to 
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select the modular components thereof, such as the ap tamer. Like the components of the 
chimeric DNAs in Capon , extensive sequence information is available for the claimed riboswitch 
components. 1 

As with the Board's basis for alleged unpatentability in Capon , the present rejection is 
based on an allegation that some of the presented riboswitch sequences would not be functional. 
As stated by the court in Capon , it is not necessary that every permutation be effective in order 
for an inventor to obtain a generic claim, provided that the effect was sufficiently demonstrated 
to characterize the invention. This principle applies to the present invention and facts with equal 
force and effect. Applicants submit that riboswitches were well demonstrated in the 
specification, as evidenced by the lengthy discussion of riboswitches therein (see page 104, lines 
13-20, and the examples referenced in this passage, for example). Applicants have provided a 
variety of example riboswitches (and riboswitch components) and have identified consensus 
sequences for a number of riboswitches, which clearly qualifies as concise structural features that 
define the riboswitches and their components. 

The Examiner alleges that the examples given, and the generic description of 
riboswitches, comprising an aptamer domain and an expression platform, the generic 
descriptions of structure function relationships for some identified (and proposed) stem 
structures of platform domains, and the sequence comparisons between previously described 
riboswitches found in nature, and sequence databases, together do not provide the concise 
structural features required for the very broad genus of compounds claimed. Applicants first note 
again that, as in Capon , the recitation of exact nucleotide sequences is not required for every 
permutation and combination of the claimed constructs. Applicants also note that, as discussed 
extensively above, the present specification provides a significant amount of information, 
including both specific and generic sequences, for myriad riboswitches. It is not seen how this 
fails to provide the "concise structural features" required by the rejection. On the contrary, the 

1 The fact that the relevant sequences in Capon were provided in the art rather in the specifications while Applicants 
here provide the riboswitch sequence information in the specification is not a relevant distinction. In fact, the 
inclusion of this sequence information in the present specification is more favorable for written description than was 
the case in Capon . 
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rejection merely concludes without evidence or sufficient reasoning that the extensive structural 

information provided is inadequate. 2 It can only be concluded that the rejection is applying a per 

se requirement of a type rejected by the court in Capon for a certain quality of written 

description. Such a per se and unsupported requirement is not supported by either the statute or 

the caselaw. Applicants have provided a full and complete disclosure, commensurate with 

knowledge that comprises the state of the art. One of skill in the art would have been able to 

identify riboswitches, and the components thereof, needed to make the claimed constructs, based 

on the disclosure in the specification. 

Furthermore, in Falkner v. Inglis . 79 USPQ2d 1001 (Fed. Cir. 2006), the Federal Circuit 

found that Applicant need not spell out every detail of an invention, but only enough to convince 

a person of skill in the art that the inventor possessed the invention. At issue in Falkner were 

claims to a poxvirus lacking essential genes, for use as a vaccine. Although the specification at 

issue in Falkner neither identified, nor provided the sequence of, any essential poxvirus gene, 

essential regions of poxvirus were known in the art. The court, upholding a Board decision, 

found that the claims were adequately described. In support of its decision, the court held that: 

(1) examples are not necessary to support the adequacy of a written description (2) 
the written description standard may be met (as it is here) even where actual 
reduction to practice of an invention is absent; and (3) there is no per se rule that an 
adequate written description of an invention that involves a biological 
macromolecule must contain a recitation of known structure. 

Although the specification at issue in Falkner neither identified, nor provided the 
sequence of, any essential poxvirus gene, essential regions of poxvirus were known in the art. 
The court agreed that those of skill in the art could easily select essential poxvirus genes. This is 
significant for the present rejection. The rejection dismisses Applicants' argument that those of 



2 The rejection seems to dismiss the majority of Applicants' disclosure of multiple riboswitch sequences and 
consensus sequences on the apparent basis that the Examiner does not believe that the identified sequences will 
function as riboswitches. This allegation does not support the present rejection for a number of reasons. First, there 
is no basis for the Examiner's assertion and it thus has no weight for the question of written description. Second, 
Applicants have stated that such sequences represent functional riboswitches, and such statements are to be believed 
unless there is sufficient evidence or reasoning to doubt them. In fact, there are good reasons why Applicants 
identification of riboswitch sequences is credible and creditable. In particular, the conservation of these sequences 
at locations proximate to transcription units and coding regions strongly supports that these sequences have 
functional significance. 
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skill in the art could readily produce the claimed constructs based on Applicants disclosure. The 
rejection discounts this argument on the basis that "Applicant must be in possession at the time 
of filing of an adequate representation of species for the broad genus of compounds claimed, not 
merely have the ability to screen for such peptides." However, it is clear from Falkner that 
"possession" for written description purposes does not require actual possession (i.e., reduction 
to practice) nor even a structural description of all elements of an invention. The specification at 
issue in Falkner did not describe any "essential genes" of any poxvirus, nor provide specific 
guidance for which genes of poxvirus were or were not essential. Nevertheless, the court in 
Falkner held that such specific description was not required to satisfy the written description 
requirement. Significantly, the court recognized that the fact that those of skill in the art could 
identify essential poxvirus genes (an identification found nowhere in the specification at issue in 
Falkner ) was sufficient to satisfy the written description requirement. This is analogous to the 
present constructs where those of skill in the art could easily identify the claimed riboswitches by 
reference to Applicants' extensive disclosure. As a result, the present application satisfies the 
written description requirement for the present claims. For at least these reasons, the present 
rejections should be withdrawn. 

2. Claims 1-7 and 20-21 were rejected under 35 U.S.C. § 1 12, first paragraph, because 
allegedly the specification, while being enabling for a method of searching for candidates of the 
genus comprising RNA comprising any riboswitch operably linked to a coding region, which 
riboswitch regulates expression of the RNA, and which riboswitch and coding region are 
heterologous to each other, and which riboswitch comprises an aptamer domain, a control strand 
and an expression platform domain comprising a regulated strand, and which regulated and/or 
control strands form a stem structure, and which riboswitch is optionally derived from a naturally 
occurring guanine-responsive riboswitch, and which riboswitch is activated by a trigger molecule 
and produces a signal upon activation by the trigger molecule, does not reasonably provide 
enablement for predictably making and designing the members of the broad genus of molecules 
claimed. Applicants respectfully traverse this rejection. 
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The Office Action maintains the argument that the "Applicant has not provided guidance 
in the specification toward a method of making and using a representative number of species of 
the expansive genus of molecules claimed." First of all, Applicants point out that the standard of 
"a representative number of species of the expansive genus of molecules claimed" differs from, 
and is insupportably stringent compared to, the true legal standard for enablement. The 
enablement requirement of 35 U.S.C. 112, first paragraph, is separate and distinct from the 
description requirement. Vas-Cath, Inc. v. Mahurkar, 935 F.2d 1555, 1563, 19 USPQ2d 1111, 
1116-17 (Fed. Cir. 1991), MPEP Section 2161. 

The MPEP (Section 2164.02) states that, "For a claimed genus, representative examples 
together with a statement applicable to the genus as a whole will ordinarily be sufficient if one 
skilled in the art (in view of level of skill, state of the art and the information in the specification) 
would expect the claimed genus could be used in that manner without undue experimentation. 
Proof of enablement will be required for other members of the claimed genus only where 
adequate reasons are advanced by the examiner to establish that a person skilled in the art could 
not use the genus as a whole without undue experimentation." In this case, the Examiner has not 
set forth sufficient reasons why the multiple and explicit examples given in the specification 
would not be applicable to the genus as a whole. 

As previously stated, the specification (page 104, lines 13-20) states: 

Riboswitches that have been discovered are responsible for sensing metabolites 
that are critical for fundamental biochemical processes including 
adenosylcobalamin (AdoCbl) (see Example 1), thiamine pyrophosphate (TPP) 
(see Example 2), flavin mononucleotide (FMN), S-adenosylmethionine (SAM) 
(see Example 7), lysine (see Example 5) , guanine (see Example 6), and adenine 
(see Example 8). Upon interaction with the appropriate small molecule ligand, 
riboswitch mRNAs undergo a structural reorganization that results in the 
modulation of genes that they encode. 

In each of the examples mentioned above, a detailed description of the riboswitch 
activated by a trigger molecule is given, along with an explicit discussion of how a trigger 
molecule interacts with the riboswitch. Thus, Applicants have described the general structure and 
operation of riboswitches; have identified the component parts of riboswitches, how they 
interconnect and operate, and how they can be recombined to form other riboswitches; and have 
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provided a number of examples of riboswitches spanning a variety of genes and trigger 
molecules, thus solidifying both the validity of the general description and providing a 
representative number of examples of the structure of riboswitches. The numerous examples and 
consensus sequences provided clearly demonstrate Applicants have clearly provided 
representative examples of the genus of riboswitches and their components, together with a 
statement applicable to the genus as a whole, which is all the law requires. 

The Office Action also alleges that "the ability to test various sequences for their ability 
to cleave target nucleic acid strands in the presence of various ligands, and the postulation of 
required, yet undefined structural constraints for riboswitch activities is not representative of the 
ability to predictably make and use the broad genus of compounds claimed." The Office Action 
goes on to allege that the specification fails to provide any particular guidance which resolves the 
known unpredictability in the art associated with determining the necessary sequences and 
structural components for designing functional riboswitches. The Office Action does not 
acknowledge Applicant's previous statement that the generic primary and secondary structural 
features of riboswitches described in the specification produce the necessary three-dimensional 
structure, without the need for further guidance. Those of skill in the art would have been able to 
readily produce such functional riboswitches without concern for the three dimensional structure 
of such, because the three dimensional structure would have naturally folded into the correct 
orientation for functionality. 

Applicants would like to point out that in order to make a rejection, the examiner has the 
initial burden to establish a reasonable basis to question the enablement provided for the claimed 
invention. In re Wright, 999 F.2d 1557, 1562, 27 USPQ2d 1510, 1513 (Fed. Cir. 1993) 
(examiner must provide a reasonable explanation as to why the scope of protection provided by a 
claim is not adequately enabled by the disclosure). A specification disclosure which contains a 
teaching of the manner and process of making and using an invention in terms which correspond 
in scope to those used in describing and defining the subject matter sought to be patented must 
be taken as being in compliance with the enablement requirement of 35 U.S.C. 1 12, first 
paragraph, unless there is a reason to doubt the objective truth of the statements contained therein 



40 



ATTORNEY DOCKET NO. 25006.001 6U2 
Application No. 10/669,162 

which must be relied on for enabling support (MPEP 2164.04). The Examiner has not given any 
reason why the objective truth of statements given by Applicant are doubted. 

The rejection fails to provide any evidence or convincing arguments why those of skill in 
the art would have difficulty following the guidance provided by the present specification. 
Rather, the rejection consists only of conclusory statements unsupported by evidence or logical 
rationale. In particular, the rejection makes the following unsupported conclusions: "it would 
require undue experimentation beyond that taught in the instant specification, to produce the 
broad genus of compounds claimed," "Applicant has not provided guidance in the specification 
toward a method of making and using a representative number of species of the expansive genus 
of molecules claimed," "The specification as filed fails to provide any particular guidance which 
resolves the known unpredictability in the art associated with determining the necessary 
sequence and structural components for designing functional riboswitches 3 encompassed by the 
very broad genus claimed," "the invention as claimed would require de novo determination of 
sequence and structural characteristics, by trial and error, based on the identification and 
characterization of a representative number of species of the genus of compounds claimed," and 
"The examples provided do not enable one to make and use the broad genus of compounds 
claimed without undue experimentation." These read as mere opinion of the examiner; not 
conclusions based on the law and facts. The only fact on which these conclusions rely is the 
alleged extreme breadth of the claims. However, broad claims do not per se lack enablement. In 
fact, if the embodiments of a broad claim can each be made without the need for undue 
experimentation, then the number of embodiments encompassed by the claims does not render 
the claims nonenabled. Thus, the basis of the present rejection does not lead to a proper 
conclusion that the present claims lack enablement. 

The Advisory Action merely repeats the allegation that "the ability to test various 
sequences for their ability to cleave target nucleic acid strands in the presence of various ligands, 
and the postulation of required, yet undefined structural constraints for riboswitch activities is 



3 Applicants note that there is no "known" unpredictability regarding riboswitch design, and the rejection presents no 
evidence that there is sufficient unpredictability to result in the need for undue experimentation, especially in view 
of the extensive description and guidance presented in the specification. 
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not representative of the ability to predictably make and use the broad genus of compounds 
claimed" and fails to acknowledge or address Applicants arguments in the last Response. 
Applicants first note that screening for active molecules is not inconsistent with enablement and 
claims can be fully enabled even if screening is required. As one well-known example, 
Applicants note that the need to screen for antibodies that have a particular binding specificity 
does not cause claims to such antibodies to lack enablement. The question is whether 
experimentation is undue, not whether screening is required or whether the resulting structures 
may not be completely predictable. As stated elsewhere herein, Applicants have provided 
extensive description of riboswitches and riboswitch structure and that the function of the 
riboswitches is related to this structure. Neither the Office Action nor the Advisory Action 
provide any evidence or convincing reasoning why screening of riboswitches for activity would 
require undue experimentation. Rather, the Advisory Action merely concludes that screening 
results in a lack of enablement. This is not the state of the law of enablement. 

The Office Action alleges that the quantity of experimentation required to practice the 
invention as claimed would require the de novo determination of sequence and structural 
characteristics, by trial and error, based on the identification and characterization of a 
representative number of species of the genus of compounds claimed, whereby riboswitches are 
identified, designed, and constructed. As previously stated, in assessing whether undue 
experimentation would be required to make and use the claimed constructs, it is important to 
focus on what would actually have to be done in order to make and use the constructs. The 
claimed constructs comprise a regulatable gene expression construct comprising a nucleic acid 
molecule encoding an RNA comprising a riboswitch operably linked to a coding region, wherein 
the riboswitch regulates expression of the RNA, wherein the riboswitch and coding region are 
heterologous. Thus, one wishing to make and use the claimed constructs need only (1) obtain a 
riboswitch and a coding region and (2) operably link the two. 

Applicants submit that practice of none of these steps would require undue 
experimentation and that the specification supports this conclusion. First, producing an RNA 
construct was well within the ability of those of skill in the art at the time of the invention and to 
do so would not have required undue experimentation. Applicants give multiple examples in the 
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specification of riboswitches that can be used with the claimed invention, and carefully outline 
the components thereof, and how they can be obtained and used (see, for example, page 35 line 
23 through page 42 line 14 of the specification). Applicant gives detailed information regarding 
the domains of the riboswitch, including both the aptamer and the expression platform. Thus, 
producing a construct as claimed would not require undue experimentation. Second, using the 
constructs was within the ability of those of skill in the art at the time of the invention. 
Applicants submit that it would not have required undue experimentation for those of skill in the 
art to use such constructs, as constructs in general and their applications were not only well 
known in the art at the time of the invention, but clearly discussed in the specification. 

For all of the above reasons, applicants submit that the present claims are fully enabled 
and that the present rejection does not provide persuasive evidence or argument to the contrary. 
Accordingly, the present rejection should be withdrawn. 

Rejection Under 35 U.S.C. § 102 

Claims 1-7 and 20 were rejected under 35 U.S.C. § 102(a) as being anticipated by 
Breaker et al. (Curr. Opin. Biotech 13:31-39, Feb. 1, 2002). Applicants respectfully traverse this 
rejection. 

The claims are drawn to a regulatable gene expression construct comprising a nucleic 
acid molecule encoding an RNA comprising a riboswitch operably linked to a coding region, 
wherein the riboswitch regulates expression of the RNA, wherein the riboswitch and coding 
region are heterologous. Breaker et al. does not teach riboswitches at all, but instead teaches 
intramolecularly cleaving ribozymes. As disclosed in the specification, both an aptamer domain 
and an expression platform make up a riboswitch, as opposed to a ribozyme. Breaker et al. 
teaches no such elements. Specifically, Breaker et al. does not disclose riboswitches operably 
linked to a coding region. 

The Advisory Action erroneously argues that the ribozyme of Breaker et al. constitutes a 
coding region as claimed. This is not the case. A coding region is a portion of nucleic acid that 
codes for amino acids. The ribozymes of Breaker et al. do not code for amino acids. Rather, the 
ribozyme itself has catalytic activity. This is a crucial error in the premise of the rejection. For 
at least this reason, Breaker et al. fails to disclose each of the claimed elements. 

43 



ATTORNEY DOCKET NO. 25006.001 6U2 
Application No. 10/669,162 

Furthermore, Breaker et al. do not teach or suggest that the disclosed constructs involve 
expression of RNA. The claims are specifically drawn to a riboswitch that regulates the 
expression of RNA, unlike the constructs of Breaker et al., which teach only constructs that have 
a catalytic function when bound by an effector. The various portions of Breaker et al. cited in the 
Office Action do not describe any riboswitch (or any genetic switch) that regulates expression of 
RNA as claimed. The text on pages 31 and 32 of Breaker et al. merely discuss catalytic RNAs, 
the possibility and usefulness of allosteric ribozymes if they can be produced, and the hope that 
allosteric ribozymes could be used in the future to make engineered constructs (the text on page 
38 also discusses the hope that allosteric ribozymes could be used in the future to make 
engineered constructs). This is mere speculation is does not enable production or use of such 
constructs. The catalytic RNAs and allosteric ribozymes of Breaker et al. are not described in 
Breaker et al. as controlling RNA expression. Rather, Breaker et al. merely expresses the hope 
that such ribozymes could be used some day in genetic control systems. The text on page 38 of 
Breaker et al. specifically notes that this hoped for use "poses many challenges to ribozyme 
engineers." Figures 2 and 3 merely illustrate schemes for selecting and enriching active 
ribozymes. There is no control of RNA expression by the ribozymes in Figure 2 or 3. 
Accordingly, Breaker et al. fails to disclose at least two features of the claimed constructs: 
linkage of a riboswitch to a coding region and regulation of RNA expression by a riboswitch. 
Because Breaker et al. fails to disclose every limitation of the claimed constructs, Breaker et al. 
fails to anticipate the claims. Applicants therefore respectfully request withdrawal of this 
rejection. 

Conclusion 

Pursuant to the above amendments and remarks, reconsideration and allowance of the 
pending application is believed to be warranted. The Examiner is invited and encouraged to 
directly contact the undersigned if such contact may enhance the efficient prosecution of this 
application to issue. 

A credit card payment in the amount of $1225.00, representing $820.00 for the fee for a 
small entity under 37 C.F.R. § 1.17(a)(4) and $405.00 for the fee for a small entity under 37 
C.F.R. § 1.17(e), a Request for a Four Month Extension of Time, and a Request for Continued 
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Examination are enclosed. This amount is believed to be correct; however, the Commissioner is 
hereby authorized to charge any additional fees which may be required, or credit any 
overpayment to Deposit Account No. 14-0629. 

Respectfully submitted, 

NEEDLE & ROSENBERG, P.C. 



/Janell T. Cleveland/ 
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Abstract 



Background: Riboswitches are noncoding RNA structures that appropriately regulate genes in 
response to changing cellular conditions. The expression of many proteins involved in fundamental 
metabolic processes is controlled by riboswitches that sense relevant small molecule ligands. 
Metabolite-binding riboswitches that recognize adenosylcobalamin (AdoCbl), thiamin 
pyrophosphate (TPP), lysine, glycine, flavin mononucleotide (FMN), guanine, adenine, glucosamine- 
6-phosphate (GlcN6P), 7-aminoethyl 7-deazaguanine (preQ,), and S-adenosylmethionine (SAM) 
have been reported. 

Results: We have used covariance model searches to identify examples of ten widespread 
riboswitch classes in the genomes of organisms from all three domains of life. This data set 
rigorously defines the phylogenetic distributions of these riboswitch classes and reveals how their 
gene control mechanisms vary across different microbial groups. By examining the expanded 
aptamer sequence alignments resulting from these searches, we have also re-evaluated and refined 
their consensus secondary structures. Updated riboswitch structure models highlight additional 
RNA structure motifs, including an unusual double T-loop arrangement common to AdoCbl and 
FMN riboswitch aptamers, and incorporate new, sometimes noncanonical, base-base interactions 
predicted by a mutual information analysis. 

Conclusion: Riboswitches are vital components of many genomes. The additional riboswitch 
variants and updated aptamer structure models reported here will improve future efforts to 
annotate these widespread regulatory RNAs in genomic sequences and inform ongoing structural 
biology efforts. There remain significant questions about what physiological and evolutionary forces 
influence the distributions and mechanisms of riboswitches and about what forms of regulation 
substitute for riboswitches that appear to be missing in certain lineages. 
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Background 

Riboswitches are autonomous noncoding RNA elements that 
monitor the cellular environment and control gene expres- 
sion [1-4]. More than a dozen classes of riboswitches that 
respond to changes in the concentrations of specific small 
molecule ligands ranging from amino acids to coenzymes are 
currently known. These metabolite-binding riboswitches are 
classified according to the architectures of their conserved 
aptamer domains, which fold into complex three-dimen- 
sional structures to serve as precise receptors for their target 
molecules. Riboswitches have been identified in the genomes 
of archaea, fungi, and plants; but most examples have been 
found in bacteria. 

Regulation by riboswitches does not require any macromo- 
lecular factors other than an organism's basal gene expres- 
sion machinery. Metabolite binding to riboswitch aptamers 
typically causes an allosteric rearrangement in nearby mRNA 
structures that results in a gene control response. For exam- 
ple, bacterial riboswitches located in the 5' untranslated 
regions (UTRs) of messenger RNAs can influence the forma- 
tion of an intrinsic terminator hairpin that prematurely ends 
transcription or the formation of an RNA structure that 
blocks ribosome binding. Most riboswitches inhibit the pro- 
duction of unnecessary biosynthetic enzymes or transporters 
when a compound is already present at sufficient levels. How- 
ever, some riboswitches activate the expression of salvage or 
degradation pathways when their target molecules are 
present in excess. Certain riboswitches also employ more 
sophisticated mechanisms involving self-cleavage [5], coop- 
erative ligand binding [6], or tandem aptamer arrangements 
[7]. 



Many aspects of riboswitch regulation have not yet been crit- 
ically and quantitatively surveyed. To forward this goal, we 
have compiled a comparative genomics data set from system- 
atic database searches for representatives of ten metabolite- 
binding riboswitch classes (Table 1). The results define the 
overall taxonomic distributions of each riboswitch class and 
outline trends in the mechanisms of riboswitch-mediated 
gene control preferred by different bacterial groups. The 
expanded riboswitch sequence alignments resulting from 
these searches include newly identified variants that provide 
valuable information about their conserved aptamer struc- 
tures. Using this information, we have re-evaluated the con- 
sensus secondary structure models of these ten riboswitch 
classes. The updated structures reveal that certain riboswitch 
aptamers utilize previously unrecognized examples of com- 
mon RNA structure motifs as components of their conserved 
architectures. They also highlight new base-base interactions 
predicted with a procedure that estimates the statistical sig- 
nificance of mutual information scores between alignment 
columns. 



Results and discussion 
Riboswitch identification overview 

Metabolite-binding riboswitch aptamers are typical of com- 
plex functional RNAs that must adopt precise three-dimen- 
sional shapes to perform their molecular functions. A 
conserved scaffold of base-paired helices organizes the over- 
all fold of each aptamer. The identities of bases within most 
helices vary during evolution, but changes usually preserve 
base pairing to maintain the same architecture. In contrast, 
the base identities of nucleotides that directly contact the tar- 



Sources of riboswitch sequence alignments and molecular structures 



References 



Riboswitch class 


Rfam accession 


Seed alignment 


Other alignments 


Molecular structures 


Thiamine pyrophosphate (TPP) 


RF000S9 


[41] 


[48] 


[71-73] 


Adenosylcobalamin (AdoCbl) 


RF00I74 


[39] 


[20] 




Lysine 


RF00I68 


[37] 


[21] 




Glycine 


RF00S04 


[6] 






S-Adenosylmethionine class 1 (SAM-I) 


RF00I62 


[94] 


[9,52] 


[78] 


Flavin mononucleotide (FMN) 


RF00050 


[56] 






Guanine and adenine (purine) 


RF00I67 


[22] 




[95-97] 


Glucosamine-6-phosphate (GlcN6P) 


RF00234 


[23] 




[28,30] 


7-Aminoethyl 7-deazaguanine (preQ,) 


RF00S22 


[40] 






S-Adenosylmethionine class 2 (SAM-II) 


RF00S2I 


[18] 







Riboswitches are named for the metabolite that they sense with standard abbreviations in parentheses. Rfam database numbers are provided for 
each riboswitch along with references to the seed alignments we used to train covariance models for database searches in this study, other published 
multiple sequence alignments, and three-dimensional molecular structures. 
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get molecule or stabilize tertiary interactions necessary to 
assemble a precise binding pocket are highly conserved even 
in distantly related organisms. Additionally, many ribos- 
witches tolerate long nonconserved insertions at specific sites 
within their structures. These 'variable insertions' typically 
adopt stable RNA stem-loops that do not interfere with fold- 
ing of the aptamer core. 

Nearly all of the riboswitches discovered to date are eis-regu- 
latory elements. For example, bacterial riboswitches are 
almost always located upstream of protein-coding genes 
related to the metabolism of their target molecules. There- 
fore, the genomic contexts of putative hits returned by an 
RNA homology search can be used to recognize legitimate 
riboswitches even when a search algorithm returns many 
false positives. Using this tactic, one can iteratively refine the 
description of a riboswitch aptamer by incorporating authen- 
tic low scoring hits into a new structure model and then re- 
searching the sequence database. 

Several riboswitches were first identified as widespread RNA 
elements based on the presence of a highly conserved 'box' 
sequence within their structures. BLAST searches for the B12 
box [8], S box [9], and THI box [10] sequences are effective 
for discovering many examples of the adenosylcobalamin 
(AdoCbl), S-adenosylmethionine (SAM)-I, and thiamin pyro- 
phosphate (TPP) riboswitches, respectively. Other search 
techniques score how well a sequence matches a template of 
conserved bases and base-paired helices that the user manu- 
ally devises from known examples of the riboswitch aptamer. 
The RNAmotif program performs this sort of generalized pat- 
tern matching [11]. A third strategy computationally defines 
and then searches for ungapped blocks of sequence conserva- 
tion that are characteristic of a given riboswitch and spaced 
throughout its structure [12]. While these methods can be 
effective, they generally do not fully exploit the information 
contained in multiple sequence alignments of functional RNA 
families to efficiently identify highly diverged members. 

Covariance models (CMs) are generalized probabilistic 
descriptions of RNA structures that offer several advantages 
over other homology search methods [13]. CMs can be 
directly trained on an input sequence alignment without 
time-consuming manual intervention. They also provide a 
more complete model of the sequence and structure conser- 
vation observed in functional RNA families that incorporates: 
first-order sequence consensus information; second-order 
covariation, where the probability of observing a base in one 
alignment column depends on the identity of the base in 
another column; insert states that allow variable-length 
insertions; and deletion states that allow omission of consen- 
sus nucleotides. This complexity comes at a computational 
cost, but several filtering techniques have recently been 
developed that make CM searches of large databases practical 
[14-16]. For example, CMs have been used to find divergent 
homologs of Escherichia coli 6S RNA [17] and define a variety 



of regulatory RNA motifs in oc-proteobacteria [18]. The Rfam 
database [19] maintains hundreds of covariance models for 
identifying a wide variety of functional RNAs, including 
riboswitches. 

In the present study, we used covariance models to systemat- 
ically search for ten classes of metabolite-binding ribos- 
witches in microbial genomes, environmental sequences, and 
selected eukaryotic organisms. The riboswitch sequence 
alignments used to train these CMs were derived from a vari- 
ety of published and unpublished sources (Table 1). The 
genomic contexts of prospective riboswitch hits were exam- 
ined to confirm that each was appropriately positioned to 
function as a regulatory element. In general, CMs trained on 
the input alignments were able to discriminate valid ribos- 
witch sequences from false positive hits on the basis of CM 
scores alone. The most common exceptions were spuriously 
high-scoring AU-rich matches to the smaller riboswitch mod- 
els (for example, the purine riboswitch) and bona fide low- 
scoring hits with variable insertions at unusual positions in 
the more structurally complex riboswitch classes. 

Prospective riboswitch matches were also examined to ensure 
that they conformed to known aptamer structure constraints. 
In certain cases, it was necessary to manually correct portions 
of the automated sequence alignments defined by the maxi- 
mally scoring path of each hit through the states of the CM. 
For example, CMs model only hierarchically nested base pairs 
for algorithmic speed [13]. Consequently, the pseudoknotted 
helices and pairings present in several riboswitches were 
aligned by hand to achieve the desired accuracy. The auto- 
mated CM alignments also tend to incorrectly shift nucleo- 
tides when deletions of consensus positions result in 
ambiguity concerning the optimal placement of remaining 
sequences. The alignments of new RNA structure motifs and 
base-base interactions described later that were not present 
in the seed alignments used to train the covariance models 
were also manually adjusted. Multiple sequence alignments 
of the resulting curated riboswitch hits are available as Addi- 
tional data files 1 and 2. 

Riboswitch distributions 

The phylogenetic distributions of the ten riboswitch classes 
were mapped from these search results (Figure 1). Members 
of the TPP riboswitch class are the only metabolite-binding 
RNAs known to occur outside of eubacteria. TPP riboswitch 
representatives are found in euryarchaeal, fungal, and plant 
species. The AdoCbl riboswitch is the most widespread class 
in bacteria, but TPP, flavin mononucleotide (FMN), and 
SAM-I riboswitches are also common in many groups. Gly- 
cine and lysine riboswitches have more fragmented distribu- 
tions. They are widespread in certain bacterial groups, but 
appear to be missing from others. Finally, the glucosamine-6- 
phosphate (GlcN6P), purine, 7-aminoethyl 7-deazaguanine 
(preQi), and SAM-II riboswitches were identified in only a 
few groups of bacteria. Interestingly, the SAM-I and SAM-II 
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Riboswitch distributions. The dimensions of each square are proportional to the frequency with which a given riboswitch occurs in the corresponding 
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is adapted from [92] with the addition of Fusobacteria [93]. On the right is a graph depicting the total number of nucleotides from each taxonomic division 
in the sequence databases that were searched. 
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aptamer distributions overlap slightly. Examples of both 
SAM-sensing riboswitch classes were found in a-Proteobac- 
teria, y-Proteobacteria, and Bacteroidetes, but no single bac- 
terial species was found to carry both SAM-I and SAM-II 
riboswitch classes. 

It is possible that many of the relatively isolated examples 
where riboswitches occur only sporadically in certain clades 
(for example, SAM-I, SAM-II, purine, and preQj in y-Proteo- 
bacteria) maybe examples of horizontal DNA transfer. There 
is some evidence that this process has been important for the 
dispersal of riboswitches into new bacterial genomes. Entire 
transcriptional units containing AdoCbl riboswitches and 
their associated biosynthetic operons appear to have been 
transferred from Bacillus/ Clostridium species to enterobac- 
teria at some point [20]. In contrast, no evidence of recent 
horizontal transfer was observed in phylogenetic trees of 
lysine riboswitch aptamers, despite their disjointed distribu- 
tion across different taxonomic groups [21]. 

Firmicutes (low G+C Gram-positive bacteria) appear to make 
the most extensive use of the riboswitch classes examined in 
this study. Every riboswitch except SAM-II is widespread in 
this clade, and most aptamer classes occur multiple times per 
genome. For example, Bacillus subtilis carries at least 29 
riboswitches (5 TPP, 1 AdoCbl, 2 FMN, 1 glycine, 11 SAM-I, 2 
lysine, 1 GlcN6P, 4 guanine, 1 adenine, and 1 preO^) control- 
ling approximately 73 genes. Experimental and computa- 
tional efforts to identify riboswitches have been focused 
specifically on B. subtilis [22,23], so it is possible that the 
overrepresentation of these ten riboswitch classes in Firmi- 
cutes reflects a discovery bias. Indeed, new computational 
searches are beginning to identify riboswitch classes that are 
predominantly used by other groups of bacteria [18,24]. 

As a whole, y-Proteobacteria employ a mixture of these ten 
riboswitch classes that is comparable to the diversity found in 
Firmicute species. However, individual species usually carry 
fewer riboswitch classes overall and fewer representatives of 
each class. For example, E. coli has six riboswitches (three 
TPP, one AdoCbl, one FMN, and one lysine) from the ten 
classes examined, which regulate a total of sixteen genes. 

Deeply branched bacteria such as Deinococcus/Thermus and 
Thermotoga species also appear to utilize a variety of ribos- 
witches. However, no riboswitch sequences have yet been 
identified in Aquifex species, and riboswitches also seem to 
occur only rarely in Chlamydia species, Cyanobacteria, and 
Spirochetes. However, the sequence database sizes for many 
of these bacterial groups are relatively small so the observed 
frequencies will probably need to be revised as more genomic 
sequences become available. 

As expected, representatives of almost all ten riboswitch 
classes are found in sequences from shotgun cloning projects 
that target environments supporting diverse bacterial com- 



munities. These sources of additional sequences have been 
helpful in some cases for defining consensus structure models 
and adding statistical merit to mutual information calcula- 
tions (see below). It is notable that glycine and SAM-II ribos- 
witches are unusually common in Sargasso Sea metagenomic 
sequences [25]. This data set appears to be contaminated with 
some non-native Shewanella and Burkholderia sequences 
[26], but the large number of SAM-II matches probably accu- 
rately reflects the abundance of a-Proteobacteria in this 
environment. 

Riboswitch mechanism overview 

GlcN6P riboswitches are ribozymes that harness a self-cleav- 
age event to repress expression of downstream glmS genes 
[5]. Members of this class are unique compared to other 
riboswitches because they adopt a preformed binding pocket 
for glucosamine-6-phosphate [27,28] and use the metabolite 
target as a cofactor to accelerate RNA cleavage [28-30]. The 
nine other riboswitch classes studied here utilize ligand- 
induced changes in 'expression platform' sequences to con- 
trol a variety of gene expression processes [1]. The architec- 
tures of riboswitch expression platforms can be used to 
predict their gene control mechanisms on a genomic scale, as 
described below. 

Riboswitches typically contain disordered regions in their 
conserved aptamer cores that become structured upon 
metabolite binding. These changes may trigger rearrange- 
ments in additional expression platform structures located 
outside of the aptamer, such that two alternative conforma- 
tions with mutually exclusive base-paired architectures exist 
for the entire riboswitch. Some riboswitches operate at ther- 
modynamic equilibrium [31]. They are able to interconvert 
between these ligand-bound and ligand-free structures in the 
context of the full-length RNA. Regulation by other ribos- 
witches is kinetically controlled [32-35]. The relative speeds 
of transcription and co-transcriptional ligand binding domi- 
nate a one-time decision as to which folding pathway to fol- 
low. The active and inactive conformations of these 
riboswitches are trapped in the final RNA molecule and do 
not readily interconvert on a time scale that is relevant to the 
gene control system. 

In most riboswitches, bases from the aptamer's outermost Pi 
'switching' helix, which is enforced in the ligand-bound con- 
formation, pair to expression platform sequences to form an 
alternative structure in the absence of ligand, for example, 
[36,37]- However, some riboswitches harness shape changes 
elsewhere in their aptamers to regulate gene expression. 
AdoCbl riboswitches usually rely on the ligand-dependent 
formation of a pseudoknot between a specific C-rich loop and 
sequences outside the aptamer core to exert gene control 
[20,38,39]. SAM-II aptamers enforce a distal pseudoknot to 
interface with their expression platforms [18], and preQ x 
riboswitches sequester conserved 3' tail sequences upon 
metabolite binding [40]. 
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Riboswitches can use ligand-induced structure changes to 
control gene expression in a variety of contexts. For example, 
the TPP riboswitches found in eukaryotes reside in introns 
located near the 5' ends of fungal pre-mRNAs [41-43] or in 
the 3' UTRs of plant pre-mRNAs [41]. Ligand binding modu- 
lates splicing of these introns, generating alternative-proc- 
essed mRNAs that are expressed at different levels. In each 
example studied, a portion of the P4-P5 stem region pairs 
near a 5' splice-site, and this pairing is displaced when TPP is 
bound [43] (A Wachter, M Tunc-Ozdemir, BC Grove, PJ 
Green, DK Shintani, RRB, unpublished data). In contrast, 
almost all bacterial riboswitches occur in the 5' UTRs of 
mRNAs. Metabolite binding to these riboswitches generally 
regulates either transcription or translation of the encoded 
genes. 

Bacterial riboswitches that regulate transcription usually 
control the formation of intrinsic terminator stems located 
within the same 5' UTR. Intrinsic terminators are stable GC- 
rich stem-loops followed by polyuridine tracts that cause 
RNA polymerase to stall and release the nascent RNA with 
some probability [44,45]. Certain glycine [6] adenine [46], 
and lysine [21] riboswitches with ON genetic logic use struc- 
tural rearrangements triggered by metabolite binding to bury 
pieces of terminator stems in alternative pairing interactions. 
However, most riboswitches controlling transcription are 
OFF switches that add an extra folding element to reverse this 
logic. Metabolite binding to these riboswitches disrupts an 
antiterminator, which normally sequesters bases required to 
form the terminator stem, allowing the terminator to form 
and repress gene expression. Similar antiterminator/termi- 
nator trade-offs occur in bacterial RNAs regulated by protein- 
or ribosome-mediated transcription attenuation mechanisms 
[47]. 

Bacterial riboswitches that regulate translation typically use 
ligand-induced structure changes to block translation initia- 
tion. Unlike riboswitches with transcription control mecha- 
nisms, which require very specific terminator structures in 
their expression platforms, the RNA structures that prevent 
translation initiation may be more varied. Sometimes, they 
rely on simple hairpins that sequester the ribosome binding 
site (RBS) of the downstream gene in a base-paired helix. In 
these cases, a riboswitch with OFF genetic logic can harness 
metabolite binding to disrupt a mutually exclusive antise- 
questor pairing, allowing the sequestor hairpin to form and 
attenuate translation. More convoluted base-pairing trade- 
offs and shape changes may operate in other expression plat- 
forms to alter the efficiency of translation initiation in 
response to ligand binding. 

Two variants of these mechanisms that dispense with or com- 
bine the elements of a typical bacterial riboswitch expression 
platform are worth noting. Some riboswitches bury the RBS 
of the downstream gene within their conserved aptamer cores 
[48,49]. Thus, ligand binding directly attenuates translation 



without the involvement of any additional expression plat- 
form sequences. Other riboswitches regulate the formation of 
a transcription terminator located so close to the adjacent 
open reading frame that its RBS resides within the 3' side of 
the terminator hairpin [48]. Riboswitches with these dual 
expression platforms could attenuate transcription and, if 
termination does not occur, could also inhibit translation. 

Metabolite-dependent inhibition of ribosome binding has 
been proven in vitro for the E. coli AdoCbl riboswitch located 
upstream of the btuB gene [50]. In addition, in vivo expres- 
sion assays using translational fusions between AdoCbl ribos- 
witches and reporter genes indicate that control of translation 
is occurring [38]. However, other co- or post-transcription 
mechanisms might also contribute to the observed gene 
expression changes. For example, AdoCbl riboswitches from 
E. coli and B. subtilis can be cleaved by RNase P [51]. Such 
findings raise the interesting possibility that differential RNA 
processing or degradation caused by ligand-induced confor- 
mational changes might be the primary mechanism by which 
some riboswitches regulate gene expression. 

There is one interesting instance where a Clostridium aceto- 
butylicum SAM-I riboswitch appears to regulate protein 
expression through an antisense RNA intermediate [52]. This 
riboswitch is located immediately downstream, and in the 
opposite orientation from, an operon encoding a putative sal- 
vage pathway for converting methionine to cysteine. It has an 
expression platform, consisting of a typical terminator/anti- 
terminator arrangement, with OFF genetic logic. Presumably, 
when SAM (and consequently methionine) pools are low, 
transcription of the full-length antisense RNA causes inhibi- 
tion and degradation of the sense mRNA as is observed in 
some bacterial regulatory systems that employ small RNAs 
[53]- When SAM levels are high, the SAM-I riboswitch will 
prematurely terminate the antisense transcript, allowing 
expression of this operon to recycle excess methionine. 

In some instances, riboswitches or their components are 
found in tandem arrangements. Almost all glycine ribos- 
witches consist of two aptamers that regulate a single down- 
stream expression platform [6]. In the genomic sequences 
searched here, 88% of the mRNA leaders containing one gly- 
cine aptamer also carry a second aptamer. Cooperative bind- 
ing of two ligand molecules by these glycine riboswitches 
yields a genetic switch that is more 'digital', that is, more 
responsive to smaller changes in ligand concentration, than a 
single aptamer. 

Far less common are tandem arrangements of other ribos- 
witch classes such as TPP [7,54,55] or AdoCbl [55]. Fewer 
than 1% of the UTRs regulated by these riboswitch classes 
contain multiple aptamers. In these cases, each aptamer 
appears to function as an independent riboswitch that regu- 
lates its own expression platform to yield a more digital, com- 
pound genetic switch [7]. Also rare are tandem arrangements 
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wherein representatives of two different riboswitches are in 
the same UTR. In the metE mRNA leader from Bacillus 
clausii, a SAM-I and an AdoCbl riboswitch independently 
control transcription termination to combinatorially regulate 
expression of this gene in response to two different metabo- 
lite inputs [55]. 

Riboswitch mechanisms 

A decision tree was established for computationally classify- 
ing the gene control mechanisms of microbial riboswitches 
(Figure 2). The five categories assigned are: transcription 
attenuation; dual transcription and translation attenuation; 
translation attenuation; direct translation attenuation; and 
antisense regulation. The same mechanisms have been pre- 
dicted for TPP [48], AdoCbl [20], FMN [56], and lysine [21] 
riboswitches in previous comparative studies. The use of the 
term attenuation here does not imply that a switch operates 



with OFF genetic logic, that is, gene expression may be atten- 
uated in the ligand-free state and relieved by metabolite 
binding. Overall, computational assignments by this proce- 
dure have an accuracy of 88% when compared to expert pre- 
dictions of TPP riboswitch mechanisms [48]. 

It is important to note that the decision tree does not explic- 
itly predict RBS-hiding structures in expression platforms. 
Rather, it assumes that control of translation initiation is the 
most likely mechanism for riboswitches not classified into the 
other categories. It is possible that these riboswitches could 
operate by mechanisms other than the five assigned by this 
procedure (as described above). Another caveat is that this 
prediction scheme considers only intrinsic terminator struc- 
tures consisting of RNA stem-loops followed by polyuridine 
tails. These are currently the only structures that riboswitches 
with transcription attenuation mechanisms are known to reg- 




Genome Biology 2007, 8:R239 



http://genomebiology.eom/2007/8/ 1 1 /R239 



Genome Biology 2007, Volume 8, Issue 1 1 , Article R239 Barrick and Breaker R239.8 



ulate. However, some bacteria appear to be able to utilize 
other structures that may lack a canonical U-tail or consist of 
tandem hairpins to terminate transcription [57]. 

Mapping riboswitch mechanism predictions onto a phyloge- 
netic tree (Figure 3) reveals that transcription attenuation 
dominates in Firmicutes and that translation attenuation is 
most common in other bacterial groups. The phylogenetic 
distribution of SAM-II riboswitch mechanisms is an excep- 
tion. It is the only riboswitch aptamer that appears to be most 
often associated with regulatory transcription terminators in 
a- and p-Proteobacteria, although the mechanisms by which 
SAM-II aptamers control gene expression have not yet been 
experimentally established [18]. Transcription attenuation 
mechanisms may also be generally overrepresented in Fuso- 
bacteria, 5/s-Proteobacteria, Thermatogae, and Chloroflexi 



species, although smaller sample sizes make these conclu- 
sions less certain. 

Mechanisms that rely on sequestering the RBS within the 
conserved aptamer core are most common for the TPP, preQ^ 
and SAM-I riboswitches. In the first two cases, purine-rich 
conserved regions near the 3' ends of the riboswitch 
substitute for RBS sequences. In SAM-I riboswitches, the 
RBS is incorporated into the 3' side of the Pi stem. Other 
riboswitch classes also have purine-rich conserved regions 
near their 3' ends with consensus sequences close to ribosome 
binding sites. It is not clear why direct regulation of transla- 
tion attenuation is not more common in these other classes. 
Perhaps access to the RBS-like sequences in these aptamers is 
not modulated by ligand binding. Riboswitch regulation by 
direct translation attenuation appears to be most frequent in 



Bacteria 



Archaea 



TPP AdoCbl FMN Glycine SAM-I Lysine preQ1 Purine SAM-II 
1 I 1 1 1 1 I I I 

_ 73/20/18/1 40/4/4/0 35/7/10/1 1 4/5/1 0/1 108/11/7/2 48/6/6/0 12/2/10/12 4 5/1/30/1 

3/0/0/0 0/0/1/0 1/0/0/0 2/0/0/0 




Firmicutes 
Fusobacteria 
Actinobacteria 
Cyanobacteria 
Acidobacteria 
8/e-Proteobacteria 
^IHgj a-Proteobacteria 
£| jwg/^ p-Proteobacteria 

^ 0/0/1/0 | ^ /3/25/0 , p°^^^ , 0/0/3/0 n 0/0/3/0 | y-Proteobacteria 
Spirochetes 
Chlamydia 
Chlorobi 
, 0/0/ 3 /0 , Bacteroidetes 

Deinococcus/Thermus 
Chloroflexi 
Thermotogae 



H 1 . Transcription attenuation 

HBB 2. Dual transcription and translation attenuation 

r~~l 3. Translation attenuation (or other mechanism) 

H 4. Direct translation attenuation 



Riboswitch mechanisms. The mechanisms that riboswitches from different taxonomic groups use to regulate gene expression were classified on the basis 
of expression platform features (Figure 2). The fractions of riboswitch expression platforms in each category are displayed visually as shaded bars with the 
actual numbers observed written above in the order given in the legend. The phylogenetic tree on the left is described in the legend to Figure I. 
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Actinobacteria and Cyanobacteria, except for the preC^ ribos- 
witch where this mechanism is unusually prevalent, even in 
Firmicutes and Proteobacteria. 

There do not appear to be any additional examples of ribos- 
witches positioned for antisense regulation in this data set. 
An antisense arrangement may be rare because it inverts the 
gene control logic of the riboswitch and requires the evolu- 
tionary maintenance of a second promoter. A handful of high- 
scoring hits were found that appear to be functional aptamers 
even though they are not located upstream of genes related to 
the cognate metabolite. It is possible that these riboswitches 
affect their target genes by regulating the production or func- 
tion of frans-acting antisense RNAs or that they have been 
recently orphaned by genomic rearrangements and are now 
pseudo-regulatory sequences. 

Evaluating structure models 

Constructing an RNA secondary structure model using phyl- 
ogenetic sequence data requires identifying possible base- 
paired stems and adjusting a sequence alignment to deter- 
mine whether each proposed stem appears reasonable for all 
representatives. This recursive refinement process has been 
used to create detailed comparative models of many func- 
tional RNA structures that accurately reflect later genetic, 
biochemical and biophysical data. However, the presence of 
stretches of unvarying nucleotides within an RNA structure, 
the tolerance of stems to some non-canonical base pairs or 
mismatches, and the non-negligible frequency of sequencing 
errors in biological databases can introduce enough uncer- 
tainty that multiple structures may seem to agree with a 
sequence alignment and incorrect base-paired elements may 
be proposed. This problem is compounded if the multiple 
sequence alignment is incomplete and does not yet capture all 
of the variation that truly exists at each nucleotide position. 

Inconsistencies and ambiguities in some riboswitch aptamer 
models motivated us to evaluate the statistical support for 
base pairs in their proposed structures. We chose to use 
mutual information (MI) scores [58] to mathematically for- 
malize the interdependence between sequence alignment col- 
umns that is indicative of base interactions. MI is a 
normalized version of covariance that represents the amount 
of information (in bits) gained about what base occurs at a 
given position from knowing the identity of a base at another 
position. The prediction of RNA secondary structures and 
tertiary interactions from covariation in sequence alignments 
has a long history, and the nuances of calculating and inter- 
preting MI scores have been comprehensively covered else- 
where [59,60]. 

Fundamentally, columns of interacting bases must be cor- 
rectly aligned and there must be variation within each column 
(that is, it cannot be completely conserved) in order to detect 
mutual information. Even when these preconditions are met, 
there are two difficulties with directly comparing MI scores to 



determine which columns in a sequence alignment truly cov- 
ary. First, sequence conservation derived from the shared 
evolutionary histories of sequence subsets in an alignment 
may result in a high residual background MI score between 
many columns whether or not they are functionally linked. 
Second, alignments with fewer sequences will have more col- 
umn pairs with elevated MI scores simply by chance. Simula- 
tions addressing the expected magnitudes of these two 
sources of error in different data sets have been explored 
recently in the context of protein sequence alignments [61]. 

In order to better gauge whether MI scores support proposed 
base interactions in an RNA alignment, we developed a 
procedure for empirically estimating their statistical signifi- 
cance (Figure 4). First, a phylogenetic tree is inferred from the 
observed RNA sequence alignment according to a model that 
assumes independent evolution at each position and allows 
for varying per-column mutation rates. Then, resampled 
alignments with the same topology, branch lengths, and evo- 
lutionary rates are generated. MI scores between columns in 
these test alignments reflect the null hypothesis that there is 
no covariation between positions. They implicitly correct for 
the evolutionary history and sample size of the real sequence 
alignment. Therefore, the p value significance for an observed 
MI score in the real alignment is the fraction of rest align- 
ments with higher MI scores between these two columns. 

Riboswitch structures 

The consensus secondary structure models of the ten ribos- 
witch classes (Figure 5) have been updated to reflect informa- 
tion from newly identified aptamer variants. The purine, TPP, 
SAM-I, and GlcN6P riboswitch consensus structures have 
been drawn in accordance with their molecular structures 
(references in Table 1). Other riboswitch structures have been 
revised to be consistent with the new predictions of structure 
motifs and base-base interactions explained below. In all 
cases, previous numbering schemes for the paired helical ele- 
ments (designated Pi, P2, P3, and so on, beginning at the 5' 
end of each the aptamer) have been maintained, even when 
these stems do not occur in a majority of the sequences in the 
updated alignment. Newly discovered paired elements that 
do not appear in most examples of a riboswitch aptamer have 
not been assigned numbers. 

The results of the mutual information analysis are shown 
superimposed on the consensus riboswitch structures. Most 
base-paired helices are supported by at least one contiguous 
base pair with a highly significant MI (p < 0.001), and almost 
all contain a base pair with at least a marginal MI significance 
(p < 0.01). No significant MI scores are present within the 
P2.1 and P2.2 stems observed in the crystal structures of the 
GlcN6P-dependent ribozyme [28,30]. However, most of the 
predicted base pairs in the P2.1 and P2.2 helices are between 
highly conserved bases that may not vary enough to produce 
significant covariation with their pairing partners. The MI 
analysis also does not support an alternative P1.1 pseudoknot 
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1 . Infer a phylogenetic tree and estimate per-column 
evolutionary rates from the original alignment 




2. Construct test alignments according to this 
background model that neglects covariation. 




3. Empirically estimate the statistical significance of 
the mutual information (Ml) between two columns 
in the original alignment from the distribution of Ml 
scores between those columns in test alignments. 

Ml scores in real alignment 
0.95 




Procedure for estimating Ml significance between alignment columns. See 
the main text and Materials and methods for a complete description of the 
procedure used to estimate the statistical significance of Ml scores 
between columns in a multiple sequence alignment in order to evaluate 
riboswitch secondary structures and predict new base-base interactions. 



(not shown) proposed on the basis of biochemical experi- 
ments where the register of the regions involved in making 
the P2.1 pairing is slightly shifted [29,62,63]. 

MI significance scores do resolve a conflict between two pair- 
ing models that have been proposed for the highly conserved 
B12 box of the AdoCbl riboswitch (Figure 6). One model pos- 
its that a 'facultative stem loop' forms by pairing nucleotides 
within the B12 box [20]. The other model proposes long- 
range pairings between portions of the B12 box and nucleo- 
tides more distant in RNA sequence [39]. There is only a sin- 
gle, marginally significant MI score that supports the 
formation of the 'facultative stem loop', even though this 
region was correctly aligned to optimally discover such inter- 
actions. The MI analysis strongly supports several base pairs 
in the alternative proposed structure wherein portions of the 
conserved B12 box form the 3' sides of the short P3 and P6 
helical stems. 

RNA structure motifs 

Several riboswitches contain common RNA structure motifs 
that are recognizable from their consensus features. A GNRA 
tetraloop [64] that favors a pyrimidine at its second position 
caps P4a of most GlcN6P ribozymes. A K-turn [65,66] 
between P2 and P2a is conserved in SAM-I riboswitch aptam- 
ers [66]. The asymmetric bulge between helices P2a and P2b 
in the lysine riboswitch also fits a K-turn consensus in most 
sequences [67], but a number of variants appear to lack this 
motif. A sarcin-ricin motif [68] (a specific type of loop E 
motif) in the asymmetric bulge between the P2 and P2a heli- 
ces of the lysine riboswitch is more highly conserved [37,67]. 

We also find examples of other RNA structure motifs that 
have not previously been reported in these riboswitch classes. 
The consensus features of the three terminal loops capping 
P2, P3, and P5 in the FMN riboswitch and the P4 loop and P6- 
P7 bulge in the AdoCbl riboswitch are remarkably similar. 
Each has two closing G-C base pairs with a strand bias, a pos- 
sible U-A pair separated from the helical stem by two bulged 
nucleotides on the 3' side, and a terminal GNR triloop 
sequence that is sometimes interrupted at a specific position 
by an intervening base-paired helix. These characteristics 
strongly suggest that they adopt T-loop structures (named for 
the T-loop of tRNA) where the U-A forms a key trans Watson- 
Crick/Hoogsteen pair [69]. 

Sequence conservation in the UNR loop that closes the P5 
stem in the TPP aptamer suggests that it forms a conserved U- 
turn [70]. As expected, there is a sharp reversal of backbone 
direction following this uridine, subsequent bases stack on 
the 3' side of the loop, and the uracil base can hydrogen bond 
with the phosphate group 3' of the third U-turn nucleotide in 
the X-ray crystal structures of E. coli [71,72] and Arabidopsis 
thaliana [73] riboswitches. Also, in the TPP aptamer, the 
conserved UGAGA sequence 3' of the P3 helix fits the UGNRA 
consensus for a type Ri lonepair triloop [74]. The crystal 
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structures confirm that this motif is present with the 
characteristic trans Watson-Crick/Hoogsteen U-A closing 
pair around the triloop. Commonly, a tertiary interaction 
between the triloop G base and an outside A leads to a 
composite GNRA tetraloop structure. However, in this case, 
the pyrimidine ring from the TPP ligand intercalates into the 
triloop at an equivalent position. 

New base-base interaction predictions 

In addition to supporting almost all of the helical elements in 
the riboswitch structure models, the MI analysis predicts 
eleven additional base-pairing interactions (Figures 5 and 7). 
Significant MI scores between two alignment columns should 
be interpreted with caution. They represent a statistical cor- 
relation and do not necessarily imply hydrogen bonding 
between nucleobases. Correlations between adjacent nucleo- 
tides that probably represent favored base stacking patterns 
in helices and column pairs with many gaps where MI scores 
can be dominated by the presence and absence of nucleotides 
rather than their base identities have been ignored. It is also 
possible to observe high mutual information between two 
bases that do not interact if several separate structure motifs 
with their own specific sequence requirements can substitute 
for each other in a functional RNA, as is seen for GNRA, 
UNCG, and CUUG tetraloops in 16S rRNA [59]. 

Furthermore, the estimates of MI significance rely on a phyl- 
ogenetic tree reconstruction method that may not adequately 
capture the evolution of these RNA sequences, especially for 
the shorter riboswitch alignments. Even assuming that the 
estimated p values are completely accurate, there are 4,950 
possible combinations of columns in an alignment with 100 
columns, and that would imply that, on average, 5 pairs with 
a MI significance of <o.oi will be observed by chance. Some 
columns that are known to be base paired do not have MI 
scores this significant. In light of this noisy background, we 
manually screened MI predictions and concentrated on inter- 
acting columns that seem to have structural relevance. 

The identities of interacting bases in a functional RNA are 
constrained during evolution. They can mutate only to other 
base pairs that preserve the local geometry of the sugar-phos- 
phate backbone and any hydrogen bonds that are important 
for maintaining structure and function. Generally, only one of 
the three planar edges of a nucleobase participates in any 
given interaction: the Watson-Crick face (WC), Hoogsteen 
face (H), or sugar edge (SE). A systematic study of RNA struc- 
tures has produced isostericity matrices [75] that tabulate 



which of the possible 16 base pairs should be interchangeable 
(in terms of Ci'-Ci' distances) when two nucleobases are 
interacting between different combinations of these three 
base edges and when the glycosidic bonds on both sides of the 
pair are cis or trans with respect to each other. The pairs of 
bases conserved at some of the new correlated positions in 
riboswitches suggest unusual non-Watson-Crick interac- 
tions, and this isostericity framework can be used to tenta- 
tively assign possible geometries to the newly predicted base 
pairs (Figure 7). 

In the TPP riboswitch, there is significant MI between the two 
bases directly 5' of P3 and 3' of P3a that could bridge this hel- 
ical junction. This correlation was highly significant (p = 
0.0002) in an alignment of all TPP riboswitch sequences. 
However, re-examination of the alignment showed that the 
predominant A-G and U-A pairs mainly occurred in the 552 
sequences that have the optional P3a stem-loop. In fact, there 
is no correlation between these columns in the remaining 355 
sequences that lack P3a. Exchange of U-A and A-G pairs is 
most consistent with a cis H/WC edge interaction between 
these two bases. These pairs are also isosteric in a trans H/H 
geometry, but this configuration involves only a single hydro- 
gen bond, and there are four other isosteric nucleobase com- 
binations that are not observed. Both pair geometries imply 
that either the sugar-phosphate backbones of the interacting 
bases are in a parallel orientation or that they are anti-paral- 
lel, with one of the bases adopting a rare syn glycosidic bond 
rotation. It may be necessary for these bases to assume an 
unusual geometry to accommodate the P3a helix at this 
location. 

The molecular resolution structures of TPP riboswitches do 
not impinge on this prediction, as each of these constructs 
lacks P3a [71-73]. On the basis of the consensus structure, it 
is possible to further predict that when the P3a helix is 
present it will coaxially stack on the P2 helix as part of a type 
C three-way helical junction [76] wherein P3a, P2, and P3 are 
assigned Pi, P2, and P3 roles, respectively. The molecular 
structures show a diagnostic feature of this configuration 
even in the absence of P3a: the J13 motif sequence (corre- 
sponding to the conserved UGAGA) forms a pseudohairpin 
that makes adenine base contacts to the minor groove of the 
motifs Pi helix (P2 of the riboswitch). Furthermore, there is 
space in the crystal structure to accommodate P3a cohelically 
stacking on P2, and this would place P3a parallel to and offset 
from P3, as is expected for this common three-way junction 
geometry. 



Figure 5 (see following page) 

Riboswitch aptamer structures. The consensus secondary structure models based on expanded riboswitch sequence alignments are depicted according to 
the symbols defined in the inset. Each structure is further annotated with RNA structure motifs and the statistical significances (p values) of the mutual 
information scores between base-paired alignment columns. New predictions of interacting bases from the Ml analysis are numbered and indicated by 
asterisks. More detailed descriptions of these predictions are provided in Figure 7. 
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Figure 5 (see legend on previous page) 
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Comparison of B 1 2 box structure models. In addition to the model of the 
AdoCbl riboswitch aptamer structure presented here [39], an alternative 
model that folds the highly conserved BI2 box sequence (highlighted in 
red) into a 'facultative stem-loop' has been proposed [20]. The core of the 
AdoCbl riboswitch aptamer is shown with abbreviated peripheral helices 
and without the optional P8-PI0-PI I domain for comparison with the 
alternative secondary structure model. The upper model is supported by 
multiple base pairs with significant Ml scores between BI2 box bases and 
remote positions. In it, a portion of the B 1 2 box also forms part of an 
internal T-loop motif between P6 and P7. Each diagram uses the symbols 
described in the legend to Figure 5. 



Three new base interactions are predicted in AdoCbl ribos- 
witch aptamers. A lone WC base pair (p < o.oooi) seems to 
enclose the conserved A-rich sequence between the P2 and P3 
helices. A highly significant MI score (p < 0.0001) also 
supports a WC pair with purine/pyrimidine strand bias 
between the nucleotide directly 3' of the P4 helix and a posi- 
tion within the two nucleotide 3' bulge of the P6-P7 T-loop 
motif. The adjacent nucleotides in this strand and the T-loop 
bulge could form a highly conserved, cohelical C-G base pair. 
Similar long-range Watson-Crick base-pairing interactions to 
these two bulged nucleotides are common with 'type-II' T- 
loops [69]. The final new prediction in the AdoCbl riboswitch 
is a non-canonical G-Aor A-G pair (p = 0.0001) that probably 
assumes a cis WC/WC geometry to continue base stacking 
with the P6 helix. These pairs are also isosteric in a cis H/H 



geometry, but this geometry seems less likely to be conserved 
because it involves only a single hydrogen bond. 

The FMN riboswitch may contain a strikingly similar T-loop 
interaction. The nucleotide directly 3' of its P5 helix can form 
a Watson-Crick pair (p = 0.009) with a pyrimidine/purine 
strand bias to the 3' bulge of the T-loop motif that caps P3. An 
adjacent G-C base pair is also possible here between highly 
conserved nucleotides in the strand and T-loop bulge. In both 
the AdoCbl and FMN riboswitches, the stem-loops adjacent 
to this predicted interaction have exactly five paired nucleo- 
tides and are capped by a second T-loop motif. Although the 
second T-loop does not seem to be directly relevant to this 
predicted pairing interaction, the double T-loop substructure 
that these riboswitches have in common suggests that signif- 
icant similarity exists between their overall tertiary folds even 
though they recognize very different ligand molecules. 

The MI analysis suggests two new base-base interactions in 
the glycine riboswitch. The first is a WC pair (p = 0.005) with 
purine/pyrimidine strand bias at the base of the P2 stem of 
the first aptamer. If this pair cohelically stacks with the P2 
stem, then it would often require a bulged nucleotide on the 
5' side of the composite helix. The second interaction is a pre- 
dicted G-G or A-A homopurine pair (p = 0.002) that might 
adopt a cis bifurcated geometry within the central bulge of the 
second aptamer. Bifurcated pairs hydrogen bond between an 
exocyclic functional group on one base and the edge of the 
other base, and they are consequently intermediate between 
two edge geometries (possibly cis WC/WC and trans WC/H 
in this case). If this pair forms, it suggests that the two bases 
on each strand between it and the Pi stem may form G-A and 
A-G pairs. Both of these putative interactions are maintained 
in the opposite aptamer of the glycine riboswitch. However, 
the nucleotides at the corresponding positions are less varia- 
ble, which may explain why they were not detected a second 
time by the MI analysis. 

Two new base-pairing contacts are predicted for SAM-I ribos- 
witches. The first occurs at the end of the P2 helix adjacent to 
the conserved G-A and A-G pairs of the K-turn motif. This 
pair has a highly significant MI score (p = 0.0006) and mainly 
varies from G-A to C-C, which is most compatible with a trans 
SE/H base interaction within this cohelical stacking context. 
Noncanonical pairs with this configuration are known to 
occur frequently adjacent to K-turns in other functional RNA 
structures [77]. The second predicted interaction (p = 
0.0003) is an unexpected long-range cis WC/WC base pair 
between the base directly upstream of the 5' side of the P2b 
pseudoknot and the base directly upstream of the Pi 3' strand. 
After originally discovering these new interactions from 
sequence analysis, we were able to verify that both interac- 
tions occur with the predicted configurations in the X-ray 
crystal structure of a minimized version of the Thermoa- 
naerobacter tengcongensis metF SAM-I riboswitch [78]. 
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Estimated Observed 
# p-value Pairs 



Compatible Interactions 

Base Edges Strands Notes 



AdoCbl 2 < 0.0001 

AdoCbl 3 0.0001 

FMN 1. 0.009 

Glycine 1 0.005 

Glycine 2 0.002 



AG 42.5% * 
UA31.9%* 
UG 8.7% 
GG 6.6% 
AA 5.1% 
UA 38.9% * 
AU 11.5%* 
CG 10.1%* 
UU 7.9% 
GC 53.9% * 
AU 38.6% * 
GU 4.5%(*) 

AG 70.6% * 
GA 22.8% * 
AA 3.7% 
CG 71.1%* 
UA 24.4% * 
UG 3.1%(*) 

GC 83.5% * 
AU 7.7%* 

GG 49.9% * 
AA 23.1%* 
AU 8.7% 
AC 5.9%* 
AG 5.4% 
GA 55.5% * 
CC 12.2%* 
GU 8.1% 
AA 7.7%* 
UA 5.5% * 
UA 73.8% * 
GC 4.6%* 
.C 4.4% 
UC 4.2% 
GG 39.2% * 
AA31.1%* 
.G 13.4% 
GU 11.7%* 
GC 50.0% * 
AU 17.0%* 
UA10.0%* 
GU 4.4%(*) 



cis WC/WC 

cis H/H 



l 3 tt 

l 2 tt 



l 2 tl 
"1 tl 



cis bifurcated I ■) 



Only in sequences with a P3a 
helix. Strands tl if one base 
has an unusual syn glycosidic 
bond conformation. 



H Isolated pair closing an 
A-rich loop. 



T-loop associated tertiary 
contact with adjacent C-G pair. 
R/Y strand bias. 



Noncanonical pair at the 
end of the P6 helix. 

T-loop associated tertiary 
contact with adjacent G-C pair. 
Y/R strand bias. 

Pair may extend P2 helix after 
bulged nt. R/Y strand bias. 

Possible noncanonical pair in 
internal asymmetric bulge. 
G-A and A-G pairs could form 
adjacent to P1 



1 1 H Continues P2 helix pairing 
adjacent to the K-turn. 



I -| H Isolated pair bridging the P1 
helix and the P2b pseudoknot. 



Isolated pair between the P2 
pseudoknot and conserved 
loop sequences. 

May be part of a new 
helix (P1a) with two 
conserved adjacent pairs 



Figure 7 (see legend on next page) 
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Figure 7 (see previous page) 

New base-base interaction predictions. For each numbered and asterisked prediction in Figure 5 the statistical significance (p value) of the mutual 
information between the two alignment columns is shown, followed by the relative frequencies with which specific combinations of bases are observed in 
those columns. Base pair geometries and isostericity groups compatible with the asterisked pairs are described in more detail elsewhere [75]. These 
descriptions include the relative orientations of the glycosidic bonds across the pair (ris or trans), the edges of each base that interact (WC, Watson-Crick; 
H, Hoogsteen; SE, sugar edge; bifurcated, intermediate between two edges), and the relative backbone strand geometry (parallel or anti-parallel) assuming 
both glycosidic bonds are in default anti conformations. 



The MI analysis predicts two new base-base interactions in 
the SAM-II riboswitch. A homopurine G-G or A-A pair (p = 
0.0002) could form between two positions in the bulge 
between Pi and the 5' strand of the P2 pseudoknot. This pair 
may adopt a cis bifurcated geometry. A Watson-Crick base 
pair (p < 0.0001) may also exist between the last nucleotide 
in the central loop that is contained within the Pi stem and a 
downstream position. This pair could be extended into a short 
helical element (Pia) if the adjacent, conserved C-G and G-C 
base pairs also form canonical WC pairs and an intervening 
base is bulged out. 



Conclusion 

The ten metabolite-sensing riboswitch classes surveyed here 
are widespread and versatile gene control elements. The con- 
served secondary structure models of these riboswitch 
aptamers have been revised to include information from 
additional sequence variants. These models incorporate 
newly recognized RNA structure motifs, including a double T- 
loop substructure that is conserved in AdoCbl and FMN 
aptamers, and specify new sites where the insertion of uncon- 
sented RNA domains is possible. Furthermore, an analysis of 
mutual information scores using an evolutionarily informed 
background model has enabled the prediction of new base- 
base interactions in several riboswitch aptamers. These 
refinements should improve the accuracy of future computa- 
tional searches for riboswitches as the automated annotation 
of functional RNAs in genomic sequences becomes more rou- 
tine [19]. They will also inform and validate ongoing efforts to 
determine the molecular resolution structures of riboswitch 
aptamers. 

It is believed that some metabolite-binding riboswitch classes 
may be descended from the RNA World [79] and that others 
may be more recent evolutionary innovations [80], but the 
exact provenance of each riboswitch class is unclear. Signifi- 
cant uncertainty also remains about what physiological and 
evolutionary forces affect riboswitch use by modern organ- 
isms. Particularly, there are unexplained differences in the 
distributions and preferred regulatory mechanisms of 
riboswitches across contemporary bacteria. Riboswitches 
found in Firmicutes (low G+C Gram-positive bacteria) pre- 
dominantly regulate transcription attenuation, whereas 
translation attenuation mechanisms are most prevalent in 
other groups. Overall, riboswitches also appear to be more 
common in Firmicutes than other bacterial groups. 



One of the more interesting aspects of the riboswitch phylo- 
genetic profile is that it outlines gaps and holes in the known 
distributions of riboswitch classes. Some of these apparently 
vacant regulatory niches may be occupied by regulatory pro- 
teins that fulfill the same role or by extreme structural vari- 
ants of these riboswitch classes that are not detectable with 
current RNA homology search techniques. Other gaps could 
harbor new aptamer classes that recognize the same metabo- 
lite as a known riboswitch class. The discovery of SAM-II 
riboswitches in ct-Proteobacteria [18], which are almost 
devoid of SAM-I riboswitches, sets a precedent for this latter 
scenario. The existence of a third SAM riboswitch in some lac- 
tic acid bacteria species [81], a subdivision of the Firmicutes, 
suggests that new riboswitch classes may occupy empty regu- 
latory niches that exist at an even finer taxonomic resolution. 



Materials and methods 
Computational analysis 

In-house Perl scripts were used to organize the execution of 
other software tools, compute various statistics, and maintain 
local relational databases of genome and gene information. 
Many of these scripts rely on Bioperl [82], and the 
Bio::Graphics module was particularly useful for visualizing 
the genomic contexts of riboswitch matches. 

Riboswitch identification 

Covariance models were trained on sequence alignments 
adapted from various sources (Table 1) using the Infernal 
software package (version 0.55) [83]. Heuristic filtering tech- 
niques [16] were used to accelerate CM searches of microbial 
sequences in the RefSeq database (version 12) [84] and envi- 
ronmental shotgun sequences from an acid mine drainage 
community [85], the Sargasso Sea [25], and Minnesota soil 
and whale fall sites [86]. CM searches for TPP riboswitches 
were also conducted against the plant and fungal portions of 
the RefSeq database (version 13). 

The regulatory potentials of putative riboswitch aptamers 
were assessed by examining their genomic contexts. To uni- 
formly predict gene functions, protein domains were assigned 
to COGs (orthologous gene clusters) [87] using RPS-BLAST 
and scoring matrices from the Conserved Domain Database 
(CDD) [88]. The plausibility of putative aptamer structures 
was assessed by computationally aligning hits to the original 
CM with Infernal and manually examining divergent RNA 
structures. Using these two complementary criteria, we 
established trusted CM score cutoffs. All hits in the microbial 
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RefSeq database above these thresholds were judged to be 
functional riboswitches. Since gene context information is 
not available for most environmental sequences, hits from 
these data sets were included only if they had CM scores 
above the trusted threshold. Additional low-scoring 
sequences from the RefSeq database were also included when 
their genomic contexts and alignments strongly indicated 
that they were functional riboswitches. 

To verify that this approach efficiently recovers known ribos- 
witches, the final results were compared to a list of TPP ribos- 
witches compiled in a comparative genomics analysis of 
thiamin metabolic genes and this regulatory RNA element 
[48]. The new searches successfully found all TPP ribos- 
witches that had been previously identified in the set of com- 
plete microbial genomes analyzed in both studies. They also 
discovered a small number of TPP riboswitches upstream of 
thiamin-related genes (for example, a pnuC homolog in Heli- 
cobacter pylori and thiM in Lactococcus lactis) in genomes 
examined by the former study that had not yet been reported. 

For the glycine riboswitch, a single aptamer covariance model 
and a tandem model containing both the first and second 
aptamers were used to separately identify matches. Every 
aptamer that is part of a tandem configuration was found by 
the single aptamer CM search, and cases of lone aptamers 
were noted. For consensus structure and MI calculations only 
the tandem glycine aptamer alignment was considered, but 
the complete set of lone and tandem aptamer glycine 
riboswitches were included in the expression platform analy- 
sis. Expression platform counts for other riboswitch classes 
that rarely occur in tandem were not corrected. 

Mechanism classification 

Expression platforms were classified according to the scheme 
in Figure 2 for a subset of the riboswitch matches found in 
complete and unfinished microbial genomes. Aptamer 
sequences with more than 95% pairwise identity at reference 
columns (positions where £50% of the weighted sequences in 
the alignment do not contain a gap) were omitted to avoid 
biasing statistics with duplicate sequences. Riboswitches with 
suspect gene annotations where >6o nucleotides (nt) of an 
open reading frame (ORF) on the same strand overlapped the 
aptamer or >700 nt separated the aptamer and the nearest 
downstream ORF were also screened out. Most of these cases 
appear to result from incorrect start codon choices, overpre- 
dictions of hypothetical ORFs, or missing annotation of real 
genes. The remaining sequences constituted the expression 
platform data set, and sequences beginning at the 5' end of 
each aptamer and continuing through the first 120 nt of the 
downstream ORF were extracted for further analysis. 

Riboswitches where the downstream gene was on the oppo- 
site strand were examined as candidates for antisense regula- 
tion. Other riboswitches were classified as directly regulating 
translation initiation when the downstream gene's start 



codon was within 15 nt of the end of the conserved aptamer 
core structure (usually the Pi paired element). The remaining 
expression platforms were scanned with the local RNA sec- 
ondary structure prediction program Rnall (version 1.1) [89] 
for intrinsic transcription terminators with a scanning win- 
dow of 50 nt, a U-tail weight threshold of 4.0, a U-tail pairing 
stability cutoff of -8.3 kcal/mol, and default settings for other 
parameters. Riboswitches with a terminator predicted in 
their expression platform sequence were assigned transcrip- 
tion attenuation mechanisms. These riboswitches were clas- 
sified as also regulating translation if the distance between 
the terminator hairpin and the gene's start codon is no more 
than 10 nt. Expression platforms that did not match any of the 
above criteria are assumed to employ translation attenuation 
mechanisms. 

Rnall and distance parameters were calibrated by comparing 
expression platform predictions to expert predictions for a 
large and phylogenetically diverse collection of TPP ribos- 
witches [48]. Rnall correctly predicts 46 out of 52 terminators 
in this data set with only 3 predictions of terminators in 
sequences not manually evaluated as containing a terminator 
(a sensitivity of 88% and an accuracy of 94%). The three false 
positives resemble terminators and may be functional, 
whereas the terminators that Rnall misses usually have large 
hairpins with poor thermodynamic stabilities. Overall, the 
decision tree classifies 159 out of 180 TPP riboswitch expres- 
sion platforms (88%) correctly into the category assigned in 
the control set. 

Consensus secondary structures 

We manually adjusted the covariance model alignments of 
riboswitch aptamers while refining their consensus second- 
ary structures. In particular, bases taking part in pseudoknot- 
ted pairings that cannot be represented by CMs were shifted 
to accurately represent these interactions. Bases flanking 
gapped consensus columns, which are sometimes ambigu- 
ously spread out across many possible positions by the align- 
ment algorithm, were also systematically condensed into a 
minimum number of overall consensus columns. As new 
structure motifs and base-base interactions became evident, 
the alignments were adjusted to reflect these new constraints. 
Riboswitch sequences in the final alignments were weighted 
using Internal's internal implementation of the GSC algo- 
rithm [90] to reduce biases from duplicate and similar 
sequences before calculating consensus structure statistics. 

Mutual information significance 

Duplicate sequences were purged and columns with >so% 
gaps were removed from riboswitch alignments prior to the 
MI analysis, and, if necessary, alignments were further 
pruned to the 300 most diverse sequences (as judged by pair- 
wise base differences). A customized version of the program 
Rate4Site (version 2.01) [91] with modified output options 
was used to simultaneously estimate distances and per-col- 
umn rates of evolution according to a gamma distributed 
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model with at least 16 rate categories and a phylogenetic tree 
created with Jukes-Cantor distances that treated gaps as 
missing information. The resulting trees, rates, and distances 
were used to simulate 10,000 resampled alignments starting 
from an arbitrary ancestral sequence. Then, gaps and 
sequence weights were re-inserted into each of these deriva- 
tive alignments at the same positions that they occupied in 
the original alignment. 

Mutual information was calculated between column pairs for 
all alignments according to standard formulas [60], taking 
into account sequence weights and treating gaps as a fifth 
character state. The resampled alignments were used to esti- 
mate what the MI score distribution would have been if the 
bases present in each column had evolved independently, 
without covariation constraints. The p value significance of 
the actual MI between two columns is the fraction of the resa- 
mpled alignments that have a greater MI score than the value 
observed between those two columns in the real alignment. 
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I Riboswitches as antibacterial drug targets 

| Kenneth F Blount 1 & Ronald R Breaker 1 " 3 

| New validated cellular targets are needed to reinvigorate antibacterial drug discovery. This need could potentially be 

| filled by riboswitches— messenger RNA (mRNA) structures that regulate gene expression in bacteria. Riboswitches 

| are unique among RNAs that serve as drug targets in that they have evolved to form structured and highly selective 

jjj receptors for small drug-like metabolites. In most cases, metabolite binding to the receptor represses the expression 

| of the gene(s) encoded by the mRNA. If a new metabolite analog were designed that binds to the receptor, the gene(s) 

I regulated by that riboswitch could be repressed, with a potentially lethal effect to the bacteria. Recent work suggests 

I that certain antibacterial compounds discovered decades ago function at least in part by targeting riboswitches. 

t[ Herein we will summarize the experiments validating riboswitches as drug targets, describe the existing technology 

* for riboswitch drug discovery and discuss the challenges that may face riboswitch drug discoverers. 



1 There is increasing concern that the current antibacterial drug arsenal 
P includes primarily decades-old chemical scaffolds that target a very nar- 
; row spectrum of cellular processes. It has been highlighted recendy that 
; antibiotics drug development has produced only one new chemical scaf- 
fold in the past 30 years, and currentiy prescribed antibiotics collectively 
disrupt the function of only four bacterial life processes 1 . Perhaps as a 
consequence, antibiotic resistance is now emerging at an alarmingly rapid 
pace, with indications that even the most recently approved antibiot- 
ics could soon be ineffective 2 . Sustained success in the long-term battle 
against bacterial pathogens will require the identification of new chemical 
scaffolds that target other cellular processes. One potentially vulnerable 
jv process is the regulation of gene expression by metabolite-sensing RNAs 
■called riboswitches. 

In many bacteria, the expression of a number of genes crucial to 
metabolite biosynthesis or transport is regulated by mRNA structures 
called riboswitches 3-5 . Typically found in the 5'-untranslated region 
(5'-UTR) of certain bacterial mRNAs, members of each known ribo- 
switch class form a structured receptor, or 'aptamer', that has evolved 
to bind to a specific fundamental metabolite. If the cognate metabolite 
is not present when the 5'-UTR is transcribed ("GENE ON," Fig. la,b), 
the riboswitch in most cases folds into a structure that does not interfere 
with the expression of the adjacent open reading frame (ORF). "When 
present at a sufficiently high concentration, the metabolite binds to the 
riboswitch receptor, which induces the formation of a structure in the 
nascent mRNA that represses the expression of the ORF. This structure 
can be a terminator hairpin, which halts RNA synthesis before the ORF 
can be synthesized ("GENE OFF," Fig. la) or a hairpin that sequesters 
the Shine-Dalgarno sequence and prevents the ribosome from binding 
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to the mRNA and translating the ORF ("GENE OFF," Fig. lb). Because 
the gene or group of genes regulated by a riboswitch is usually involved 
in the synthesis or transport of its cognate metabolite, riboswitches are 
direct regulators of cellular metabolite concentrations. 

Researchers have reported 12 different classes of riboswitches, and 
members of each class bind to the same metabolite and share a highly 
conserved sequence and secondary structure. For example, the 5'-UTR of 
the tenA operon in Staphylococcus aureus contains a 1 77-nucleotide RNA 
element that is homologous to a class of riboswitches that selectively bind 
the coenzyme thiamine pyrophosphate (TPP, Fig. lc) 6 ' 7 . Similar TPP 
riboswitches have been identified in the genomes of species from most 
bacterial phyla 7 . Phylogenetic sequence comparison suggests that, when 
bound to TPP, the minimal receptor domain of all TPP riboswitches is 
a secondary structure comprised of five helices (PI through P5) joined 
by three stretches of primarily unpaired nucleotides (J2-3, J2-4 and 
J4-5, Fig. lc,d) 7 . Structural probing data with representative TPP ribo- 
switches are consistent with this structure 6,8 ' 9 . Strikingly, the identities 
of the nucleotides in J2-3, J2-4 and J4-5 are almost universally conserved 
among TPP riboswitches, as are some of the nucleotides in the helical 
regions (Fig. Id). A similar level of sequence and secondary structure 
conservation is observed for other riboswitch classes, which implies that 
all riboswitches of a given class form a common fold to recognize their 
cognate ligand (Fig. 2a). 

In some bacterial pathogens, a riboswitch regulates the expression of 
a gene that is essential for survival or virulence (Fig. 2b) 10 . It is debatable 
whether a positive therapeutic outcome could be achieved by targeting 
riboswitches that control only virulence genes. However, it seems reason- 
able to predict that a metabolite mimic designed to target a riboswitch 
controlling genes essential for survival should have a lethal effect, pro- 
vided that the mimic cannot functionally replace the natural metabolite. 
For instance, in S. aureus the metK gene, which encodes S-adenosylme- 
thionine (SAM) synthetase, is predicted to be essential for both survival 1 1 
and virulence 12 , and its expression is regulated by a class 1 SAM-binding 
riboswitch located in its 5'-UTR 13 " 15 . A metabolite mimic that binds 
to that riboswitch could, in principle, inhibit S. aureus growth and/or 
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Figure 1 TPP-binding riboswitches regulate 
gene expression, (a) Transcription termination 
mechanism used by some TPP riboswitches to 
regulate gene expression. If TPP is not present 
during the synthesis of the 5'-UTR (GENE ON), 
an antiterminator hairpin (blue) forms which 
does not interfere with gene expression. When 
present at higher concentrations (GENE OFF), 
TPP binds to the receptor and stabilizes helix 1 
(PI, see c), thereby allowing a terminator hairpin 
to form, (b) A translation inhibition mechanism 
for riboswitch gene regulation. If TPP is not 
present (GENE ON), an antisequestor hairpin 
(blue) forms that does not interfere with gene 
expression. At higher concentrations (GENE 
OFF), TPP binds to the receptor and stabilizes 
PI, thereby allowing a hairpin to form that 
sequesters the Shine-Dalgarno sequence (SD) 
and prevents the ribosome from translating the 
ORF. (c) The sequence and secondary structure 
model for the repressed-state TPP riboswitch 
from the S. aureus tenA 5'-UTR. The sequence is 
numbered according to the predicted start site of 
transcription. An additional 21 nucleotides (not 
depicted) reside between nucleotide 177 and 
the tenA start codon. The putative antiterminator 
hairpin that forms in the absence of ligand is 
shaded blue, (d) A consensus sequence and 
secondary structure model for the ligand- 
bound form of all bacterial TPP riboswitches. 
The consensus sequence and structural model 
were determined by phylogenetic sequence 
comparison (Breaker, R.R. era/., unpublished 
data) and X-ray structural models for 
representatives of this riboswitch class 25 ' 26 . P3a 
is not present in some sequences. Nucleotides 
that form director metal ion-mediated contacts 
to TPP are boxed in yellow. Dashed brackets 
indicate an interhelical tertiary interaction that 
is observed in the 3D structure (Fig. 3b). 



has 17 class 1 SAM-binding riboswitches that 
collectively regulate the expression of 36 genes 
responsible for the majority of sulfur metabo- 
lism. Since SAM riboswitches are highly con- 
served, a single compound conceivably could 
repress all 36 genes, halt sulfur metabolism and 
thereby prevent growth. 

There are many examples where genetic 
evidence suggests that riboswitches would be 
excellent targets for antibacterial drug discovery. 
Some classes of riboswitches, such as those that 

virulence by repressing metK and by preventing SAM biosynthesis. In sense TPP or flavin mononucleotide (FMN), are found in many different 
other words, the compound would be an agonistic drug that causes gene bacterial species and might be targets for broad-spectrum antibacterial 




repression, even when the cell is starved for SAM. 

Even when a riboswitch does not regulate the expression of a known 
essential gene, it could still be a drug target if it regulates several genes 
.whose collective repression would be deleterious. For example, in Listeria 
monocytogenes a riboswitch that binds coenzyme B 12 (adenosylcobala- 
min, AdoCbl) regulates the expression of the entire cobB operon, which 
contains 1 9 genes whose collective repression would prevent biosynthesis 
and transport of AdoCbl 16 . Presumably, a metabolite mimic that tar- 
gets this riboswitch could induce AdoCbl starvation and halt bacterial 
growth. Additionally, so 
of the same class, each 



drugs, whereas other riboswitch classes are more sparsely distributed 
and might be targets for selective drugs. In the following sections, we will 
highlight the current status of riboswitch target validation for antibacte- 
rial drug development. As well, we will survey the existing technology for 
riboswitch drug discovery and speculate on the challenges that will need 
to be overcome to develop riboswitch-targeting antibiotics. 



Riboswitches as distinctive RNA drug targets 

RNA is already recognized as a clinically useful antibacterial drug target, 
bacterial genomes carry multiple riboswitches Many currently marketed antibacterial drugs, including the two most 
plating a different operon. Bacillus anthracis recently approved 17 , target ribosomal RNA (rRNA) structures 18 ' 19 . 
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Numerous other RNA motifs also have been explored as potential drug 
targets 20 . In most of these examples, association of the ligand with the 
RNA target is a fortuitous interaction, rather than the natural function 
of the RNA. As a consequence, the design of new ligands directed at these 
targets can be problematic due to a lack of selectivity 21 . 

Riboswitches are fundamentally different RNA drug targets, in that 
they have evolved as structured receptors for the purpose of binding low- 
molecular weight ligands. As a consequence, riboswitches form ligand- 
>, receptor interfaces with a level of structural complexity and selectivity 
o 1 that approaches that of proteins. For example, the receptor of a guanine- 
° binding riboswitch from Bacillus subtilis forms a three-dimensional (3D) 
o structure in which the ligand is almost completely enveloped (Fig. 3a) 22 " 24 . 

0 Guanine intercalates between two aromatic base triads, and four addi- 
g tional riboswitch nucleotides form hydrogen-bonding interactions that 
3 recognize each polar functional group of guanine. The intimacy of this 
c interaction enables the riboswitch to discriminate against even closely 
| related purine analogs 22 , and the sequence conservation of the nucleo- 
^ tides that form the binding pocket implies that all guanine riboswitches 
= form the same core receptor structure (Fig. 3a) 22 . 

c Members of other riboswitch classes form similarly intricate ligand- 

1 receptor interfaces and show equally high levels of ligand selectivity. 
> For instance, TPP riboswitches form a recep- 

o. tor comprised of one subdomain that rec- g 
£ ognizes every polar functional group of the 
Q- 4-amino-5-hydroxymethyl-2-methylpyrimi- 

2 dine (HMP) moiety (Fig. 3b, left panel) and a 
O second subdomain that coordinates two metal 

ions and several water molecules to bind the 
-gj negatively charged pyrophosphate (PP) moiety 
25 (Fig. 3b, right panel) 25 ' 26 . These two subdo- 
£ mains are positioned so that the riboswitch 
0) can sense the length of its ligand. The recep- 
J2 tor is probably not selective for the structure 
35 of the thiazole ring, since its only contact with 
g the receptor is a long-range electrostatic inter- 
g action. In a similar example, the 3D structure 
© and biochemical data for class 1 SAM-binding 



riboswitches reveal a receptor in which nearly every functional group of 
SAM is important for binding (Fig. 3c) 27,28 . 

CoEectively, these data provide compelling evidence that riboswitches 
form structured receptors that are among the most selective of any RNA 
drug target. Thus, it is likely that riboswitch- targeting compounds could 
be designed that are highly selective and do not bind to other cellular 
targets. It is also anticipated that the 3D structure models for riboswitch 
receptors will enable the rational design of such compounds. 

Several known antibacterial compounds function by targeting ribo- 
switches. Historical validation exists that riboswitches can be antibac- 
terial drug targets. Pyrithiamine is an analog of thiamine that inhibits 
the growth of several bacterial and fungal species 29 ' 30 . Until recently, 
the toxicity mechanism of pyrithiamine was not well understood. 
Like thiamine, pyrithiamine is readily phosphorylated inside cells to 
pyrithiamine pyrophosphate 31 (PTPP, Fig. 4a), which differs from TPP 
only in that the central thiazole ring is replaced by a pyridinium ring. 
Remarkably, PTPP binds to several TPP riboswitches in vitro with com- 
parable affinity to TPP and represses the expression of a reporter gene 
fused to a TPP riboswitch inside bacteria 9 . This suggests the possibility 
that, in its phosphorylated form, pyrithiamine inhibits bacterial or fungal 
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jFFigure 2 The distribution of known riboswitch 
classes in selected bacterial pathogens, 
(a) The secondary structure models of the 
receptor domains of 12 riboswitch classes and 
the chemical structures of the metabolites 
they bind. The expected protonation states at 
physiological conditions are shown for each 
functional group. Three different structural 
classes of riboswitches have been reported that 
recognize SAM. A star denotes a riboswitch 
class for which a representative 3D structure 
has been reported. Approximately a half-dozen 
additional classes of conserved RNA motifs 
that may be riboswitches have been identified 
in bacteria 61 ' 62 , (b) Selected human bacterial 
pathogens that carry riboswitches. The number 
of representatives of each riboswitch class 
that is found in each species is given, followed 
in parentheses by the total number of genes 
regulated by those riboswitches. The red numbers 
indicate that at least one of the genes regulated 
by that riboswitch is predicted to be essential 
for survival or virulence. Some bacteria have two 
glycine aptamers (asterisks) in the same 5'-UTR 
that cooperatively bind two molecules of glycine 
to regulate the downstream operon 53 . 
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i growth by repressing one or more TPP riboswitch-regulated genes in 
iv these organisms. 

p Indeed, several strains of B. subtilis, Escherichia coli and Aspergillus 
oryzae that were cultured to resist the effect of pyrithiamine have a 
mutation in a conserved region of a TPP riboswitch 9 . In each case, 
the riboswitch that was mutated normally regulates the expression of 
thiamine biosynthesis genes. Moreover, the mutations disrupt ligand 
binding to the riboswitch in vitro and prevent the riboswitch from 
repressing a reporter gene in bacteria. Thus, it is likely that resistance 
to pyrithiamine is conferred through derepression of thiamine biosyn- 
thesis. These findings support the model that the TPP riboswitch is the 
cellular target for PTPP. 

A similar case history exists for two analogs of lysine that inhibit 
bacterial growth. L-aminoethylcysteine 32 (AEC) and DL-4-oxalysine 33 
(Fig. 4b) were originally reported as analogs of lysine that inhibit 
the growth of certain Gram-positive bacteria. More recently, it was 
revealed that both compounds bind to the lysine riboswitch from 
the lysC gene of B. subtilis, and both can repress a lysine riboswitch- 
regulated reporter gene in B. subtilis 34 . Furthermore, several strains of 
B. subtilis that were cultured to resist the effect of AEC or DL-4-oxalysine 
have mutations in the lysC riboswitch, each of which disrupts receptor 
formation and ligand binding in vitro, which prevents the riboswitch 
from regulating reporter gene expression in B. subtilis 34 ' 37 . These studies 
suggest that AEC and DL-4-oxalysine inhibit bacterial growth at least in 
part by targeting a lysine riboswitch. 



Figure 3 Structural models of ligand-bound 
riboswitch receptors. Nucleotides shaded in red 
are conserved in more than 90% of the known 
representatives, (a) The secondary structure 
(left) and crystal structure (center) of the 
repressed-state guanine riboswitch receptor 
from the B. subtilis xpt 5'-UTR. The sequence 
is numbered according to the predicted start 
site of transcription. Nucleotides that form 
direct contacts to guanine are boxed in yellow 
and dashed brackets indicate tertiary loop- 
loop interactions. The binding pocket (right) 
recognizes guanine by a series of predicted 
hydrogen-bonding interactions (dashed lines). 

(b) The crystal structure of the TPP-bound 
receptor from the E. coli MM 5'-UTR (center). 
The binding pocket recognizes the HMP 
moiety (left) by a series of predicted hydrogen- 
bonding interactions (dashed lines) and the 
pyrophosphate moiety (right) is recognized 
through coordination to water molecules (blue) 
and two magnesium ions (gray). 

(c) The secondary structure (left) and crystal 
structure (center) of the repressed-state SAM 
riboswitch receptor from the Thermoanaerobacter 
tengcongensis mefF5'-UTR. The sequence is 
numbered according to the predicted start site 

of transcription. Nucleotides that form direct 
contacts to SAM are boxed in yellow. The binding 
pocket (right) recognizes SAM by a series of 
predicted hydrogen-bonding and electrostatic 
is (dashed lines). 



The antibacterial riboflavin analog roseo- 
flavin (Fig. 4c) may also target a riboswitch. 
Roseoflavin inhibits the growth of several 
Gram-positive bacterial species through a 
mechanism that is reported to involve repres- 
sion of riboflavin biosynthesis 38,39 . In these 
species, all of the genes involved in riboflavin biosynthesis are expressed 
in a single operon, regulated by a single FMN-binding riboswitch 40,41 . 
A reasonable prediction is that this riboswitch is the cellular target of 
roseoflavin. According to this model, roseoflavin binds to an FMN ribo- 
switch from B. subtilis in vitro (Breaker, R.R. et al, unpublished results), 
and roseoflavin-resistant strains of B. subtilis or Lactococcus lactis have 
mutations in the FMN riboswitch that result in overproduction of ribo- 
flavin 42 - 44 . Thus, like the TPP and lysine riboswitches, the FMN ribo- 
switch may be the target of an antibacterial compound for which the 
mechanism of action was not previously understood. Thus, riboswitch- 
targeting compounds appear to have existed for decades without a clear 
understanding of their molecular targets. 

Discovering new riboswitch-targeting antibacterials 

For drug companies to maximize their chances for success in discover- 
ing new riboswitch-targeting antibacterials, they need to apply modern 
technologies such as rational drug design and high-throughput screen- 
ing. There are already many reasons to be optimistic that riboswitch- 
targeting compounds could be rationally designed. Examination of the 
3D structure of the ligand-bound TPP riboswitch 25,26 (Fig. 3b) suggests 
how it could accommodate other ligands like PTPP. As noted above, the 
central thiazole ring of TPP is not directly recognized by the receptor. 
Instead, it is surrounded by several water molecules. Because PTPP differs 
only in the identity of the central ring, it likely docks into the receptor 
pocket in the same way as TPP 45 . The prediction, therefore, is that other 
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TPP analogs that have chemically diverse functional groups linking the 
HMP and pyrophosphate moieties would also bind to and activate this 
riboswitch. 

Antibacterial compounds that target other classes of riboswitches 
have also been identified by rational design. AEC and DL-4-oxalysine 
(Fig. 4b) are both modified at C4, relative to lysine, which suggests that 
other C4-modified lysine analogs could bind the riboswitch and inhibit 
bacterial growth. Based on this hypothesis, researchers in our laboratory 
>, have identified two additional antibacterial lysine analogs (Fig. 4b, inset) 
o that inhibit the growth of B. subtilis most likely by targeting a lysine 
° riboswitch 34 . In a similar study, the 3D structure of the ligand-bound 
o guanine riboswitch was used to design several guanine analogs that bind 

0 to a guanine riboswitch from B. subtilis equally as well as guanine and 

2 that inhibit the growth of clinically relevant pathogens (Breaker, R.R. et 

3 ah, unpublished results) . 

J The results described above suggest that, as more 3D structures of ribo- 
§ switches are reported, additional avenues for rational design will become 
% available for the discovery of riboswitch- targeting antibacterials. However, 
3 it is not clear how easily the more advanced strategies used to rationally 
c design protein-binding compounds can be applied to riboswitches. The 

1 characteristics of some riboswitches including conformational flexibility, 
5 near total ligand encapsulation and the inherent chemical differences in 

o. RNA chemistry might cause considerable challenges for rational drug 
£ designers who seek to target metabolite-binding RNAs. 

g- High-throughput screening has also been applied in the search for 
g new riboswitch-activating compounds. Riboswitches that bind to 
O glucosamine-6-phosphate (GlcN6P) are unique in that they form an 
J? RNA enzyme, or ribozyme, that self-cleaves when the cognate ligand 
■gj is bound 46 . Two different reports 47 ' 48 have described the development 
]=j of a high-throughput assay to screen for other compounds that could 
£ also activate self-cleavage of this riboswitch. In one approach, ligand- 
g> induced RNA self-cleavage was detected by measuring the fluorescence 
3 polarization of a fluorescein label conjugated to the 5'-end of a GlcN6P 
Z riboswitch from B. subtilis 47 . A second approach used fluorescence reso- 
g nance energy transfer (FRET) to detect the cleavage of a bimolecular 
g GlcN6P riboswitch engineered from the natural riboswitch found in 
© S. aureus 4 *. In both cases, the assays were performed in microplates using 
gjjgv automated pipetting methods that can easily be adapted to screen large 
IfiSlibraries of compounds. 

~ In principle, a similar high-throughput screen could be designed for 
riboswitches that do not self-cleave. One strategy would be to fuse a 
riboswitch receptor domain to a self-cleaving ribozyme such that ligand 
binding to the receptor stabilizes the ribozyme structure and activates it 
for cleavage. This approach has been successfully used to make designer 
molecular switches in which an engineered RNA receptor is coupled to 
a self-cleaving ribozyme 49 . Thus, almost any class of natural riboswitch 
receptors should be amenable to the same technology. Although rational 
design strategies might be a more productive route to new riboswitch- 
binding compounds, the availability of high- throughput screening meth- 
ods for riboswitches means that researchers seeking to develop distinct 
riboswitch-targeting classes of compounds are equipped with some of 
the same tools as those working with protein targets. 

Future questions for riboswitch-targeting antibacterials 

Although riboswitch-targeting compounds have been discovered that 
inhibit bacterial growth in vitro, some questions remain about whether 
these or similar compounds could cure an infection in a clinical setting. 
A principal question is the degree to which a riboswitch-targeting com- 
pound can repress gene expression. Although genetic experiments have 
identified riboswitch-regulated genes whose deletion prevents growth or 
virulence, it is unclear whether targeting the riboswitch for such genes 
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Figure 4 The chemical structures of riboswitch-binding natural metabolites 
(left) and antibacterial metabolite analogs (right), (a) Compounds that 
bind TPP riboswitches. (b) Compounds that bind lysine riboswitches. 
(c) Compounds that bind FMN riboswitches. Shaded regions highlight the 
functional groups that differ from the natural metabolite. The expected 
protonation state under physiological conditions is shown for each 
functional group. The inset in b shows recently identified antibacterial 
lysine analogs that bind to lysine riboswitches. 



will mimic a genetic knockout. In one case, a class 1 SAM-binding ribo- 
switch in Bacillus clausii appears to repress the synthesis of the adjacent 
ORF to less than one transcript per cell at high ligand concentrations 50 . 
Similarly, at high lysine concentrations, a lysine riboswitch in B. subtilis 
completely represses reporter gene expression 34,35 . In contrast, a recent 
microarray analysis suggested that the expression of FMN riboswitch- 
regulated transcripts in B. subt His is only modestly reduced when cells are 
grown in high concentrations of riboflavin 51 (riboflavin is phosphory- 
lated to FMN inside bacteria). It could be that a fraction of the riboswitch 
receptors folds into an alternate inactive structure that cannot repress 
expression, even at high FMN concentrations. Even so, it is possible that 
partial repression might still be enough to halt growth. For antibacterial 
drug discovery it will be important to identify the riboswitches that can 
repress the expression of a crucial gene below a level that is required for 
survival. 

Even in cases where metabolite biosynthesis can be completely 
repressed by riboswitch targeting, the bacteria might still grow if the 
metabolite can be imported from the host tissue. For example, although 
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a riboswitch- targeting compound can presumably prevent lysine bio- 
synthesis in B. anthracis by completely repressing lysA and lysC, the 
bacteria could still import lysine from their environment through a pro- 
tein whose expression is not regulated by a riboswitch 52 . Accordingly, 
lysine riboswitch-targeting compounds that prevent Bacilltis species 
from growing in media without lysine do not inhibit B. anthracis in 
rich media 34 . A more attractive class of targets might be the FMN ribo- 
switches found in Gram-negative pathogens. Because these organisms 
>, cannot transport riboflavin, they are dependent upon riboflavin bio- 
s' synthesis 53 , which in many cases is regulated by an FMN riboswitch. 
° Thus, a drug that can repress riboflavin biosynthesis by targeting this 
o riboswitch should be lethal. Ultimately, it will be important to choose 
o riboswitch targets that regulate the biosynthesis of metabolites that 
•g are not readily available from mammalian tissues or that cannot be 
3 transported by the pathogen. 

= Riboswitches examined to date have K D values ranging from the 
§ mid-picomolar 50 to mid-micromolar 46 range. However, for some 
^ riboswitches, the speed of ligand association rather than the ligand- 
jj binding affinity controls whether the adjoining gene is expressed 54,55 , 
c The 5'-UTR of the B. subtilis ribDEAHT operon, which codes for five 
| riboflavin biosynthesis genes, contains an FMN-binding riboswitch 4 1 . 
J During transcription, the sequence immediately downstream of the 
a. FMN receptor folds into either a terminator or antiterminator hairpin, 
£ depending on the occupancy state of the receptor. To form a terminator, 
Q- the ligand must bind to the receptor and stabilize P 1 before the 3'-half 
g of the anti- terminator hairpin is synthesized (analogous to GENE ON, 
O Fig. la). Because RNA polymerase is very fast, this genetic 'decision' 
c occurs long before the ligand-receptor interaction can reach thermo- 
■gj dynamic equilibrium 54 . As a result, the genetic decision depends on the 
jjijj speed at which the ligand binds, rather than its affinity for the receptor. 
,jj For this reason, screening assays would be best designed to report either 
g> the binding speed of each test compound or, ideally, the ability of each 
j2 compound to cause repression. 

Z The potential for toxicity of riboswitch-targeted antibacterials in 
g humans is a major concern in drug design. It is possible that compounds 
^ that target riboswitches in pathogenic bacteria might cause similar effects 
© in their human hosts if the host also carries that riboswitch. Although 
gSgv the TPP riboswitch class has been found in plants 8 , neither this class nor 
Igjiany other riboswitch class has been discovered in humans. If this trend 
~ holds, then riboswitch-targeting compounds are unlikely to cause toxic 
effects by unintentionally binding to homologous gene- regulating RNAs 
in humans. 

Because riboswitches recognize fundamental metabolites, mamma- 
lian cells most likely have proteins that could be competitively inhibited 
by a compound that resembles the natural metabolite. For example, in 
addition to binding to TPP riboswitches, pyrithiamine inhibits thiamine 
pyrophosphokinase from rats 56 . Similarly, AEC can be transported into 
mammalian cells, where it is incorporated into proteins 57 . Thus, like 
other antibiotic classes, riboswitch-targeting compounds will need to 
be designed, that do not inhibit mammalian proteins. This should be 
achievable, given that structural analyses suggest that certain metabolites 
are recognized differently by riboswitches and proteins. Specifically, TPP- 
binding riboswitches use two metal ions to coordinate the pyrophosphate 
moiety of TPP 25 , whereas TPP-binding proteins use one metal ion 25 . 
Likewise, the conformation of SAM is very different when bound to a 
riboswitch than when bound to most SAM-binding proteins 27 . Based on 
these differences, it should be possible to rationally design riboswitch- 
targeting compounds that are not recognized by mammalian enzymes. 

The evolution of bacterial resistance must be taken into consid- 
eration when developing any antibacterial drug. Thus far, very little 
data have addressed the evolution of resistance to riboswitch-targeting 



compounds. One common mechanism by which bacteria become resis- 
tant to known antibiotics is by expressing a protein that modifies or 
exports the drug. Some riboswitch-targeting compounds might be sus- 
ceptible to this mechanism, since many bacteria already express proteins 
that act on natural metabolites. Mutations that cause overexpression of 
one of these proteins could confer resistance to a compound that resem- 
bles the natural metabolite. Indeed, B. subtilis can evolve resistance to 
the antibacterial action of 2-fluoroadenine by overexpressing a purine 
exporter 58 . Similarly, B. subtilis strains selected for pyrithiamine resis- 
tance often bear a mutation in the TPP riboswitch that regulates the tenA 
operon 9 . In addition to derepressing thiamine biosynthesis, this mutation 
causes the overexpression of the TenA protein — a putative thiaminase 
that could hydrolyze pyrithiamine 59 . Thus, as in the case of 2-fluoroad- 
enine, bacteria can evolve resistance to pyrithiamine by overexpressing 
proteins already present in their genomes. With this in mind, riboswitch- 
targeting compounds should be designed that are as chemically dissimilar 
to the natural metabolite as possible, so as to minimize their susceptibility 
to this resistance mechanism. 

Bacteria might also evolve resistance to riboswitch-targeting drugs 
through a mutation that disrupts binding to the riboswitch receptor. 
As discussed earlier, resistance to AEC, pyrithiamine and roseoflavin 
can emerge in a laboratory setting through mutation of a lysine, TPP 
or FMN riboswitch, respectively, although the frequencies of mutation 
have not yet been determined. It is unclear how general this mechanism 
would be for evolving resistance to riboswitch-targeting compounds. 
In cases where several riboswitches of the same class are targeted by a 
single compound, one might expect that a single point mutation would 
be insufficient to confer resistance. Rather, a mutation would need to 
occur in each riboswitch that regulates an important gene. However, 
these mutations would also disrupt the binding of the natural ligand, 
resulting in deregulation of the associated biosynthesis pathway(s). This 
could impair survival of the bacteria, especially in an infectious setting. 
Indeed, a mutation in B. subtilis that deregulates the expression of the 
riboswitch-regulated SAM synthetase gene impairs growth in laboratory 
cultures 60 . Perhaps overexpression of SAM synthetase depletes bacte- 
ria of methionine or causes accumulation of S-adenosylhomocysteine 
(SAH), a toxic demethylated product of SAM. Regardless, this example 
illustrates that some riboswitch mutations that deregulate biosynthesis 
could impair bacterial growth. Thus, in some cases, it may be difficult 
for a pathogen to evolve resistance to a riboswitch-targeting compound 
by a point mutation in the receptor. Clearly, many questions must still be 
answered about the susceptibility of riboswitch-targeting antibacterials 
to this and other resistance mechanisms. 

Conclusions 

As with any new drug target, researchers seeking to develop riboswitch- 
targeting antibiotics may face some challenges. Even so, the body of work 
thus far underscores the promise for riboswitch drug development. The 
discovery that known antibacterial compounds may function by targeting 
a riboswitch establishes the feasibility of the approach. The complexity 
and selectivity of the ligand-binding domain of riboswitches should allow 
highly active compounds to be designed that target riboswitches but not 
other cellular RNAs or proteins. To identify such compounds, research- 
ers can use much of the same technology that has been used to discover 
antibacterial drugs directed at other targets. Ultimately, the existence 
of multiple riboswitch classes in a variety of bacterial pathogens offers 
hope that several distinct classes of new drugs could be developed to help 
replenish the arsenal of antibiotic compounds. 
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Several mRNA aptamers have been identified in Mesoplasma florum 
that have sequence and structural features resembling those of 
guanine and adenine riboswitches. Two features distinguish these 
RNAs from established purine-sensing riboswitches. All possess short- 
ened hairpin-loop sequences expected to alter tertiary contacts 
known to be critical for aptamer folding. The RNAs also carry nucle- 
otide changes in the core of each aptamer that otherwise is strictly 
conserved in guanine and adenine riboswitches. Some aptamers 
retain the ability to selectively bind guanine or adenine despite these 
mutations. However, one variant type exhibits selective and high- 
affinity binding of 2'-deoxyguanosine, which is consistent with its 
occurrence in the 5' untranslated region of an operon containing 
ribonucleotide reductase genes. The identification of riboswitch vari- 
ants that bind nucleosides and reject nucleobases reveals that natural 
metabolite-sensing RNA motifs can accrue mutations that expand the 
diversity of ligand detection in bacteria. 

ailosteric RNA | aptamer | metabolite | ribonucleotide reductase | 
transcription termination 

Gene-control elements called riboswitches (1) are mRNA 
motifs typically found in the 5' untranslated regions of 
bacterial mRNAs. Riboswitches selectively bind small mole- 
cules, and structural changes within the 5' untranslated regions 
are usually harnessed to control the expression of the adjoining 
ORF. The architectures of these RNAs are commonly formed 
from a metabolite-binding aptamer domain and an expression 
platform (2-5), although more diverse assemblies of aptamers 
and expression platforms have been found that yield more 
complex gene-control characteristics (6-9). 

Each aptamer adopts a complex secondary- and tertiary- 
structured fold to form a conserved receptor for the ligand (10-17). 
This demand for precise structure formation and specific molecular 
recognition causes the aptamer domains to be highly conserved 
even among distantly related species. In contrast, the expression 
platform can adopt a variety of different structures provided it 
maintains its responsiveness to the occupation state of the aptamer 
domain. 

Computer-aided searches based on conserved RNA sequences 
and structures have been used to identify representatives of nu- 
merous riboswitch classes (18-24). However, these bioinformatics 
algorithms can fail to identify variants of known riboswitch classes 
that differ substantially from the established aptamer consensus. 
Furthermore, there could be exceedingly rare classes of riboswitch 
aptamers or exceptionally small aptamers that will be missed by 
existing bioinformatics algorithms because there are too few rep- 
resentatives for comparison or they have too few conserved fea- 
tures. Given these limitations, many new riboswitch classes might 
remain undiscovered, and the true number of metabolite-sensing 
aptamer folds could greatly exceed the many types published to 
date (25). 

Indications that there are many variant, small, or rare riboswitch 
classes to be discovered come from several recent reports of new 
riboswitch classes. For example, a single C-to-U mutation within 
the core of guanine riboswitches can change the specificity of ligand 
binding to adenine (11, 26-30). Also, two related types of ribos- 



witch aptamers for the modified nucleobase 7-aminomethyI-7- 
deazaguanine have been identified that require as few as 34 
nucleotides to form a selective and high-affinity binding pocket 
(31). Moreover, there are three classes of aptamers for S- 
adenosylmethionine (SAM) (23, 24, 32) whose representatives are 
more rare in bacteria than the SAM-I class of riboswitches com- 
monly found in Gram-positive bacteria (33-35). These findings 
indicate that a far greater diversity of metabolite-sensing ribos- 
witches exists that might be difficult for existing search strategies to 
definitively identify and classify. 

One possibility is that some organisms will have recently evolved 
riboswitch classes with aptamers that are unique in architecture or 
ligand specificity. If such boutique riboswitches can easily emerge 
through evolution, there could be far more riboswitches than have 
been discovered to date. In this report, we describe a series of 
aptamers that are exceedingly rare among sequenced genomes and 
have been identified only in the bacterial species Mesoplasma 
florum. One subclass of these RNAs is selective for 2'- 
deoxyguanosine (2'-dG). Our findings highlight the capacity for 
metabolite-binding RNAs to evolve specificities toward structurally 
related derivatives and further demonstrate that exceptionally rare 
riboswitch classes are likely to be present in some organisms. 

Results and Discussion 

Consensus Sequences and Structures of Guanine- and Adenine-Sens- 
ing Riboswitches. Guanine-sensing riboswitches usually reside 
upstream of genes involved in purine biosynthesis, salvage, and 
transport (26). The guanine riboswitch aptamer from the Bacil- 
lus subtilis xpt-pbuX mRNA exhibits a Ka for guanine of ^5 nM. 
Ligand binding to this aptamer causes transcription termination, 
and a similar gene-control mechanism is predicted for most 
other guanine riboswitches as well. X-ray crystallography has 
been performed on this aptamer bound to either guanine or the 
functional analog hypoxanthine (10, 11). In both instances, the 
ligands are almost completely enveloped by the RNA. Similarly, 
a related aptamer that binds adenine by using a similar archi- 
tecture also engulfs the ligand (11). 

The tight ligand-binding pocket of this aptamer class is formed 
by conserved nucleotides at the junction of three stems termed PI, 
P2, and P3 (Fig. L4). When the ligand is bound, the aptamer adopts 
a conformation with the P2 and P3 stems extending parallel to one 
another. This structure is held in place by Watson-Crick base- 
pairing interactions and other hydrogen bonds formed between the 
loops of these stems, called L2 and L3. Most of the highly conserved 
nucleotides forming the ligand-binding core of the aptamer are 
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Fig. 1. Sequence and structural features of guanine 
riboswitch aptamers and several newly found RNAs. (A) 
Sequence alignment comparing the xpt guanine ribos- 
witch aptamer sequence from the xpt-pbuX mRNA from 
B. subtilis with related sequences from Mesoplasma flo- 
rum (types I, II, III, and IV) and from Oenococcus oeni, 
Vibrio sp., Vibrio splendidus, and Leuconostoc mesen- 
teroides (types V-A, V-B1, V-B2, and V-C, respectively). 
The known or putative functions of the genes immedi- 
ately downstream of each sequence are noted as pre- 
dicted elsewhere (54). Nucleotides corresponding to 
pairing regions PI, P2, and P3 are shaded blue, green, 
and orange, respectively. Nucleotides corresponding to 
loop regions (L) and joining regions (J) also are identi- 
fied. The asterisk identifies the C nucleotide in xpt that 
forms a Watson-Crick base pair with the guanine ligand. 
Nucleotides shaded gray are mutated relative to the 
highly conserved nucleotides denoted in red that are 
typically found in the J and L regions of guanine and 
adenine riboswitches or nucleotides that are inserted or 
deleted in these regions. (B) Consensus sequence and 
secondary structure of guanine riboswitch aptamers. 
Nucleotides in red are present in >90% of the known 
representatives. Circles identify nucleotides whose base 
identities are not conserved, and lines indicate Watson-Crick base pairing. Nucleotides that form hydrogen-bonding interactions with the guanine ligand are 
identified according to the numbering system used previously for the xpt aptamer (10, 1 1, 26). (O Structural model of the guanine-binding site formed by the 
xpt aptamer docked to guanine (10, 11). Dashed lines identify hydrogen-bonding contacts between the aptamer nucleotides (numbered as described in fi) and 
the ligand. The shaded area identifies the space that would be occupied by the sugar moiety of a guanine nucleoside. (D) Sequence and secondary structure of 
the type l-A aptamer from M. florum. Boxed nucleotides depicted in blue identify variations from the xpt aptamer that occur at otherwise highly conserved 
positions. Dashed line represents a 3-nucleotide deletion compared with the L3 sequence of xpt. Nucleotide numbersare as described in Fig. 2, with the equivalent 
positions for the xpt aptamer depicted in parentheses. Other notations are as defined for B. 




present in joining regions Jl-2, J2-3, and J3-1, which link the three 
stems together (Fig. IS). 

The joining regions carry four nucleotides that form hydrogen 
bonds with functional groups of the purine ligand (Fig. 1C). One 
key interaction is made by nucleotide C74 of the xpt aptamer, which 
forms a Watson-Crick base pair with guanine. Interestingly, several 
variants of this RNA motif were found that carry a C-to-U mutation 
at the equivalent position in the structure, and these RNAs reject 
guanine and bind adenine with affinities measured in the mid 
nanomolar range (27, 28). An atomic-resolution model of an 
adenine riboswitch aptamer from the add gene in B. subtilis 
confirmed that adenine forms a Watson-Crick base-pairing inter- 
action with the variant U nucleotide, and that other features typical 
of guanine riboswitches remained essentially identical (11). Indeed, 
this single-nucleotide change at position 74 is sufficient to change 
the specificity of guanine aptamers to adenine and vice versa. 

Discovering More Distant Homologs of Guanine and Adenine Ribos- 
witches. We used a bioinformatics search strategy to discover 
variant purine riboswitch candidates. This process was achieved 
with an algorithm that identifies sequences that closely correspond 
to the consensus sequence and secondary structure features of 
known purine-sensing aptamers (see Materials and Methods). The 
parameters of this search were set to allow recovery of low-quality 
matches, and we focused the most attention on sequences that 
deviate substantially from the consensus, but that nonetheless exist 
in genomic contexts consistent with riboswitch function. 

We noticed one sequence in M. florum that could be threaded to 
conform reasonably well to the consensus structure, but that 
deviated in sequence at several key positions in the core and in loops 
L2 and L3. Despite these significant differences, the location of this 
sequence in the apparent 5' untranslated region of the guaAB 
operon suggested that it might function as a purine-sensing ribos- 
witch. A BLAST search for related sequences uncovered several 
more examples of this motif in M. florum. This bacterium is a 
nonparasitic member of the class Mollicutes, and organisms of this 
class are notable for their simplified cell structures and small 
genomes (36). 



One of the M. florum sequences differed from characterized 
purine riboswitches only in the L2 and L3 regions, with the joining 
regions otherwise adhering to the consensus. To determine whether 
there might be other variant purine aptamers analogous to this 
RNA we manually inspected sequences generated from the orig- 
inal search, scanning for sequence or structure irregularities. Three 
additional riboswitches were identified that contained shortened L3 
sequences relative to the consensus, in addition to the eight M. 
florum examples mentioned previously. 

Subsequently, we performed automated searches by using algo- 
rithms trained on all known purine riboswitches, as well as algo- 
rithms trained more narrowly on the variant sequences, but no 
additional variants were identified. In total, 12 new putative ribos- 
witch examples were found in bacteria (Fig. 1A), all of which bear 
close similarity to the consensus sequence and structure established 
for guanine aptamers. These RNAs were classified into five types 
(I-V) based on the mutations they carry relative to the guanine 
aptamer consensus. Interestingly, eight of the RNAs representing 
types I-IV are present in M. florum. 

One of the eight RNAs (I V-A) carries a C-to-U mutation at the 
position equivalent to nucleotide 74 of the xpt riboswitch in B. 
subtilis. Therefore, this RNA was predicted to sense adenine. The 
seven remaining RNAs from M. florum carry mutations at two or 
more positions that are highly conserved among known guanine 
and adenine riboswitch representatives (Fig. IA). All seven RNAs 
carry mutations in otherwise conserved nucleotides in Jl-2, J2-3, 
and L2 of the aptamer, and they also carry an L3 loop that is four 
nucleotides, rather than the seven or eight nucleotides normally 
present in known guanine-binding aptamers. The four remaining 
RNAs, classified as type V, are found in other bacterial species and 
carry the distinctive nucleotide changes in L3 and, in some in- 
stances, L2. Specific interactions between the L2 and L3 regions are 
known to be important for folding and function of guanine and 
adenine riboswitches (29), and therefore the loop mutations likely 
cause the variant RNAs to adopt a different structure for this 
tertiary interaction. 

We speculated that the aptamer core mutations in the M. florum 
RNAs might substantially alter the ligand-binding pocket of each 
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riboswitch, allowing it to recognize a metabolite other than gua- 
nine. For example, RNA I-A carries 39 nucleotide changes (in- 
cluding insertions and deletions) relative to the xpt RNA (Fig. I A), 
and 10 of these changes occur at positions with nucleotide identities 
that are conserved in >90% of the known guanine riboswitch 
aptamers (Fig. ID) . In addition, three of the four nucleotides known 
to contact guanine in the xpt aptamer (nucleotides 22, 47, and 51) 
(Fig. 1 B and C) are mutated in the I-A (nucleotides 31, 54, and 58) 
(Fig. ID) and I-B aptamers. Although the nucleotide corresponding 
to C74 otxpt in the I-A and I-B aptamers could retain its recognition 
of the base-pairing face of guanine, the other core mutations likely 
recognize other portions of a guanine-containing ligand. Moreover, 
these core mutations typically convert A and U residues to G and 
C residues, despite the fact that the M. florum genome has only 27% 
GC content. The acquisition of additional G and C residues in some 
variant aptamers suggests adaptation to a new function. 

A Guanine Riboswitch Variant Binds 2'-dG. Frequently, the metabo- 
lite that is sensed by a riboswitch can be discerned by noting the 
function of the protein product of the downstream gene. Some of 
the RNA motifs are located upstream of either unannotated genes 
or genes with functions that appear to be unrelated to purine 
metabolism, and thus did not provide clues for possible ligands. 
However, some reside upstream of genes involved in purine bio- 
synthesis or transport (Fig. \A), suggesting that the variant RNAs 
bind guanine or a ligand that includes this nucleobase. Of particular 
interest was aptamer I-A, which resides upstream of genes encoding 
ribonucleotide reductase subunits. Ribonucleotide reductase en- 
zymes convert ribonucleotides into their deoxyribonucleotide coun- 
terparts (37, 38). Given that three of the nucleotides mutated in the 
I-A aptamer are in the immediate vicinity of the N9 position of 
guanine in known guanine riboswitches (Fig. 1C), we speculated 
that this variant riboswitch might respond to 2'-dG or one of its 
5'-phosphorylated derivatives. 

In-line probing (39) was performed by using a series of guanine 
and guanosine derivatives (see Materials and Methods for a com- 
plete list) to determine the ligand specificity for all variant ribos- 
witch types. In-line probing assays reveal shape changes in an 
aptamer that occur upon ligand binding. For example, I-A exhibits 
substantial structural modulation when 100 juM 2'-dG is present 
(Fig. 2A). Importantly, the pattern of spontaneous cleavage prod- 
ucts is consistent with the formation of a three-stem junction similar 
to guanine and adenine aptamers (26-28), and the majority of the 
internucleotide linkages that become more structured upon 2'-dG 
addition (Fig. 2B) are in the predicted ligand-binding core of I-A 
RNA. Furthermore, in-line probing data collected at various con- 
centrations of 2'-dG indicate changes in the extent of RNA cleavage 
at specific sites in the RNA that are consistent with a 1:1 binding 
of ligand with an apparent IQ of ~80 nM (Fig. 2C). 

Affinities and Specificities of Natural Variants of Guanine Riboswitch 
Aptamers. A previous study (26) revealed that the apparent Ka value 
of the xpt riboswitch aptamer for guanine is »5 nM. We conducted 
similar determinations for the RNAs shown in Fig. \A and 
expanded this process to include compounds similar to 2'-dG (Fig. 
3 and data not shown). As expected, we find that ihtxpt RNA binds 
guanine most tightly, whereas the addition of a ribose or deoxyri- 
bose moiety on the N9 position of the purine ring causes a loss of 
binding affinity of nearly two orders of magnitude or more (Fig. 3^4 
Left). Similarly, types III and V prefer binding guanine over various 
nucleoside derivatives by ^100-fold or more. This observation is 
expected because these RNA types retain a U residue correspond- 
ing to nucleotide 51 in thejtp* aptamer. The retention of this residue 
and a C at the position analogous to C74 (Fig. 1C) suggests that 
these RNAs can form at least six of the seven hydrogen bonds 
formed between known guanine aptamers and their guanine ligand. 
The type V RNAs retain the base identities for all ligand-binding 
nucleotides, and these RNAs exhibited values that are most similar 




log c (2 -dG, 6 M) 



Fig. 2. Structural modulation of the I-A aptamer caused by binding of 2'-dG. 
(A) In-line probing analysis of the I-A aptamer. Fragmentation patterns of 5' 
32 P-labeled precursor RNAs (Pre) were established by incubating the RNAs in 
the absence (-) or presence (+) of 100 ^.M 2'-dG and separating spontaneous 
RNA cleavage products by using denaturing 6% PAGE. Lanes designated NR, 
T1, and "OH identify RNA samples loaded after subjecting to no reaction, 
partial digestion with RNase T1, or partial digestion with alkali, respectively. 
Left arrowheads identify select bands corresponding to RNase T1 cleavage 
after G residues, and right arrowheads identify regions within the aptamer 
that undergo structural stabilization on ligand binding. Band intensity 
changes at sites 1 and 2 from a separate inline probing analysis (PAGE image 
not shown) were used to establish the apparent K d as depicted in C. (B) Sites 
of structural flexibility and 2'-dG-mediated structural modulation. Data were 
derived from the image depicted in A. (O Plot of the normalized fraction of 
RNA cleaved at sites 1 and 2 versus the logarithm of the concentration (c) of 
2'-dG. The concentration of ligand required to cause half-maximal change in 
fraction cleaved (dashed lines) reflects the apparent K4. 



to those of the xpt aptamer for all of the ligands tested. Also as 
expected, the type IV RNA which carries the C-to-U mutation at 
position 74, binds adenine more tightly than guanine and exhibits 
binding affinities for these ligands that are consistent with a 
previously studied adenine riboswitch aptamer (27, 28). 

In contrast, type I RNAs most tightly bind 2'-dG relative to 
guanine and various nucleoside and nucleotide analogs (Fig. 3A 
Right). Most strikingly, both I-A and I-B RNAs discriminate by 
approximately two orders of magnitude against guanosine, which 
differs from 2'-dG by a single oxygen atom. This level of discrim- 
ination might be required by the cell to ensure that the expression 
of ribonucleotide reductase is controlled only by changing concen- 
trations of a deoxyribonucleoside, and that expression is not 
inappropriately repressed by normal concentrations of the corre- 
sponding ribonucleoside. Similarly, type II RNAs exhibit the high- 
est affinities for 2'-dG, but are far less selective for this compound 
than type I aptamers. Perhaps type II RNAs are intentionally less 
selective to permit changing concentrations of several 
guanine-containing compounds to modulate gene expression. 

These findings also are consistent with the genomic arrangement 
of variant RNAs in M. florum. Specifically, aptamer types I-B, II-B, 
and III-A control individual genes located immediately adjacent to 
each other in the genome. If all three genes were controlled by only 
one compound, then a three-gene operon arrangement controlled 
by one riboswitch would be optimal. However, the presence of three 
types of aptamers next to these adjacent genes strongly suggests that 
their expression is under the control of riboswitches with three 
distinct specificities or affinities. 
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Fig. 3. Affinities and specificities of natural guanine aptamer variants. (A) 
Values for apparent K d for various ligands were determined for the guanine 
riboswitch aptamer from the B. subtilis xpt RNA and with each variant 
aptamer type. An arrow above a circle indicates that the exact K a value is 
either lower or higher than the scale of the plot. (B) Chemical structures of 
2'-dA and the analog 2'-d-2,6-DAP and the apparent K d values for 2'-dG and 
2'-d-2,6-DAP with l-A RNA or a mutant version of this aptamer (l-A*) that 
carries a single C-to-U mutation at a position equivalent to nucleotide 74 (Fig. 
1fi). Compounds tested that failed to bind are not presented. 



A Single Mutation Swaps Ligand Specificity of the 2'-dG Aptamer l-A. 

A C-to-U mutation at nucleotide 74 of the xpt aptamer can change 
its ligand specificity from guanine to adenine (27). This nucleotide 
forms a Watson-Crick base pair with the purine moiety, whereas 
other nucleotides make hydrogen-bonding interactions with other 
positions on the ligand (Fig. IQ (10, 11, 40). Although most 
purine-sensing riboswitches respond to guanine, six natural exam- 
ples of adenine-sensing riboswitches carrying a U at the equivalent 
position 74 have been identified (27, 41, 42), and a seventh example 
is represented by the type IV RNA reported in this study (Figs. 1A 
and 14). 

If the I-A RNA binds 2'-dG by using a similar core structure 
adopted by guanine and adenine riboswitch aptamers, it is expected 
that a C-to-U mutation at the equivalent nucleotide 74 position 
should alter the specificity for the purine moiety of the ligand. We 



conducted this test by using the ligand candidate 2'-dG and its 
analogs, 2'-deoxyadenosine (2'-dA) and 2'-deoxy-2,6-diaminopu- 
rine nucleoside (2'-d-2,6-DAP) (Fig. 35). Although 2'-dA should 
compensate for the aptamer C-to-U mutation, previous studies 
with guanine- and nucleobase 7-aminomethyl-7-deazaguanine- 
sensing riboswitches have revealed that 2,6-DAP binds more tightly 
to the mutant aptamers (27, 31). Furthermore, it has been shown 
that an adenine riboswitch binds 2,6-DAP with an affinity «30-fold 
better than that for adenine (27). Aptamers carrying the C-to-U 
mutation likely exhibit preferences for ligands that carry 2,6-DAP 
because of the formation of hydrogen bonds between other nucle- 
otides in the aptamer core and the exocyclic amine at position 2 of 
the purine ring like those normally occurring in guanine 
riboswitches (Fig. 1C). 

As expected, the unaltered I-A RNA tightly binds 2'-dG and 
rejects both 2'-dA and 2'-d-2,6-DAP (Fig. 35). In contrast, the I-A* 
aptamer carrying the C-to-U mutation rejects both 2'-dG and 2'-dA 
(Ka values >1 mM), but binds 2'-d-2,6-DAP with a Ka of =8 juM. 
Thus, the 2,6-DAP analog also is preferred by the I-A* RNA as 
observed for other aptamers carrying similar C-to-U mutations. 
With the common form of guanine- and adenine-sensing aptamers, 
a U residue at the position equivalent to nucleotide 51 forms a 
hydrogen bond with the exocyclic amine present in guanine and 
2,6-DAP (Fig. 1C). However, the I-A and I-A* aptamers carry a 
different nucleotide at the position equivalent to nucleotide 51, and 
therefore they likely recognize this extra amine group differently 
despite similarities elsewhere in the aptamer structure. 

Molecular Recognition Determinants of a 2'-dG Aptamer. In addition 
to the various nucleoside and nucleotide analogs described earlier, 
we examined nucleobase analogs of guanine to further define the 
functional groups recognized by the I-A aptamer. Although gua- 
nine is bound by the aptamer with a poorer affinity than 2'-dG (Fig. 
3/4), guanine induces structural changes in the RNA (Fig. 4/4) with 
characteristics (Fig. 45) of a typical 1:1 RNA-ligand interaction (8). 
An important observation from the in-line probing data is that 
guanine does not induce the full spectrum of changes in sponta- 
neous RNA cleavage in the J2-3 region, which are observed when 
2'-dG is bound (Fig. 45). This finding is consistent with the fact that 
the J2-3 region likely carries the nucleotides required to recognize 
the deoxyribose moiety of 2'-dG and, therefore, does not undergo 
the same level of structural stabilization with guanine that is 
induced by the cognate ligand. This hypothesis is further supported 
by the observation that guanosine, which binds with an affinity 
equal to that of guanine, also does not induce complete structural 
stabilization of the J2-3 region (Fig. AA). 

If the guanine base occupies the same site as does the guanine 
moiety of 2'-dG, then guanine analogs can be surveyed for binding 
activity to reveal other functional groups that are important for 




Fig. 4. Molecular recognition by a riboswitch aptamer 
that senses 2'-dG. (A) In-line probing analysis of the l-A 
aptamer depicted in Fig. 2fi in guanine concentrations 
ranging from Oto 100 pM or with 330 /xM guanosine or 
2'-dG as indicated. Other notations are as described for 
Fig. 2A. (B) Plot of the normalized fraction of RNA 
cleaved at nucleotides 59 and 60 (Fig. 2S) versus the 
logarithm of the concentration (c) of guanine. (Q In- 
line probing analysis of the l-A aptamer with 2'-dG, 
guanine, and four guanine analogs at 100 pM. Other 
annotations are as described for Fig. 2 A. (D) Schematic 
representation of the molecular recognition contacts 
used by the 2'-dG aptamer to selectively recognize its 
ligand. 
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recognition by the aptamer. However, several guanine analogs that 
carry modifications of functional groups on the purine ring are not 
bound by the I-A aptamer when present at 100 juM (Fig. AC). These 
findings, and those presented earlier, reveal that the I-A aptamer 
recognizes nearly every available functional group to form a precise 
binding pocket (Fig. AD). 

Transcription of RNAs Carrying I-A and lll-B Aptamers Reveals Me- 
tabolite-Mediated Termination. The majority of guanine and ade- 
nine riboswitches are predicted to control gene expression by 
regulating transcription termination (J. Barrick and R.R.B., un- 
published data). In these instances, the aptamer resides a short 
distance upstream of a predicted intrinsic transcription terminator 
(43, 44), which forms a strong base-paired stem followed by a run 
of U residues. All of the newly found aptamer variants in M. florum 
lie immediately upstream of putative intrinsic terminator stems 
(data not shown), indicating that they are components of ribos- 
witches that control transcription termination. 

To assess how these variant riboswitches might control gene 
expression, single-round transcription termination assays (45) were 
performed by using DNA templates containing either I-A or III-B 
riboswitch sequences. The amounts of terminated and full-length 
RNA transcripts should change in a ligand-dependent manner if the 
riboswitch controls this process and retains activity in an in vitro 
assay. As observed with members of several other riboswitch classes 
(33, 46-48), in vitro transcription assays measuring riboswitch 
control do not range the full spectrum between 100% termination 
and 100% full-length (FL) transcription. This result could be due to 
numerous differences between the reaction conditions used and the 
natural conditions in M. florum cells, such as the use of RNA 
polymerase from a different species, the absence of certain ions and 
small molecules, and the absence of proteins that might influence 
RNA folding. However, we do observe changes in the percentages 
of transcripts that are terminated when the target ligands are 
present in the in vitro transcription reaction (Fig. 5A). For example, 
the highest levels of termination for the I-A and III-B constructs 
occur when 2'-dG and guanine are added to the reactions, respec- 
tively. This finding matches the preferred ligands for these RNAs as 
determined by in-line probing assays (Fig. 3A). 




Fig. 5. In vitro transcription termination assays with types I-A and III-B 
riboswitches. {A) PAGE analysis of single-round transcription termination 
assays. Bands representing terminated transcripts (T) or full-length (FL) runoff 
transcripts are identified. Single-round transcription assays (see Materials and 
Methods) are conducted in the absence (-) of added ligand candidate or in 
the presence of 25 fiM of the compounds indicated. The asterisk identifies a 
product of transcription pausing that appears to be unrelated to riboswitch 
function. (B) Plots of thefraction of RNAs terminated versus the logarithm of 
the concentration of iigand added to single-round transcription termination 



It has been reported that some riboswitches function as kineti- 
cally driven, rather than thermodynamically driven, gene-control 
elements (28, 49, 50). For example, to yield half-maximal modula- 
tion of transcription termination, kinetically driven riboswitches 
require a concentration of ligand much higher than the apparent^ 
of the aptamer for the metabolite. The metabolite concentration 
needed to half-maximally modulate transcription termination, 
called T S o (49), was determined for both the I-A and III-B ribos- 
witch constructs by examining single-round in vitro transcription 
termination assays conducted in the presence of various concen- 
trations of 2'-dG or guanine (Fig. 5B). For the I-A construct, T 5 o 
values of 2 /xM and >100 jxM were observed for 2'-dG and guanine, 
respectively. In contrast, III-B exhibited r 50 values for these two 
compounds that were nearly exactly opposite. Again, the differ- 
ences in the Tso values for the two constructs and two ligands 
indicate that the type I riboswitches most likely respond to cellular 
2'-dG concentrations, whereas the type III riboswitches most likely 
respond to guanine. 

The specificities exhibited by the I-A and III-B RNAs in both 
assay types correspond to those predicted based on the functions of 
the gene products they likely control (Fig. 1A). The rationale for 
controlling expression of ribonucleotide reductase genes with 2' -dG 
is straightforward. In contrast, the rationale for controlling the 
expression of a GMP synthase gene with a guanine-sensing III-B 
RNA is less obvious because it might seem more logical for the 
riboswitch to sense the ribonucleotide product of the enzyme. 
However, 15 previously identified guanine riboswitches are asso- 
ciated with genes for GMP synthase in other organisms (ref. 26 and 
data not shown). Therefore, M. florum appears to use a variant 
guanine riboswitch to control this homologous gene much like 
other bacteria. 

The discovery of variant riboswitches in M. florum that have 
altered ligand specificities and affinities suggests that a far greater 
diversity of riboswitches is present in bacteria and that some of these 
RNAs might be exceedingly narrow in phylogenetic distribution. 
Although highly selective for their cognate ligands, at least some 
riboswitch aptamers appear to be versatile and can change ligand 
affinities by accumulating one or only a few mutations. It seems 
reasonable to speculate that the common fold and consensus 
sequence for guanine riboswitches (Fig. IB) could undergo other 
mutations that would allow it to bind other purine-related com- 
pounds while maintaining its secondary structure. 

The two riboswitch variants that selectively sense 2'-dG have 
been found in only one bacterial species. Given the apparent 
structural versatility of RNA, there might be many unidentified 
riboswitch classes that reside in a single species. The aptamers for 
these RNAs could be close variants of known riboswitch classes, 
which would permit their discovery by comparative sequence 
analysis. However, we have evidence that structurally distinct 
classes of riboswitches also can be found to exist in only a few species 
(24). Searching for new riboswitch classes by bioinformatics meth- 
ods that recognize conserved sequences or structures requires the 
existence of multiple copies. Therefore, the identification of ex- 
ceedingly rare riboswitch classes might be best pursued by using 
approaches that involve direct experimental testing. 

Materials and Methods 

Bioinformatics. The original search for purine riboswitches was 
performed with the SequenceSniffer program (J. E. Barrick and 
R.R.B., unpublished data), with an £-value cutoff of 10,000. To 
determine whether additional purine riboswitch variants could be 
identified by using automated homology searches, the National 
Center for Biotechnology Information RefSeq database (51) was 
searched by using the RaveNnA extension (52) to the software 
package INFERNAL (www.infernal.janelia.org). A covariance 
model derived from all known purine riboswitches and one derived 
exclusively from the variant purine riboswitches were used as inputs 
for the searches. 
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Chemicals and Oligonucleotides. 2'-deoxyguanosine, 3'-deox- 
yguanosine, 2'-deoxyadenosine, 2'-deoxyguanosine-5'-phosphate, 
2'-deoxyadenosine-5'-phosphate, 2'-deoxyguanosine-5'-diphos- 
phate, 2'-deoxyadenosine-5'-diphosphate, 2'-deoxyguanosine-5'- 
triphosphate, 2' -deoxyadenosine-5' -triphosphate, guanosine-5'- 
phosphate, guanosine-2'-phosphate, guanosine-5'-diphosphate, 
guanosine-5'-triphosphate, adenosine-5' -triphosphate, 2'-deoxy- 
2,6-diaminopurine nucleoside (2,6-diaminopurine 2'-deoxyriboside), 
guanine, adenine, 2,6-diaminopurine, A^-methylguanine, O 6 - 
methylguanine, and 7-methylguanine were purchased from Sigma- 
Aldrich (St. Louis, MO). DNA oligonucleotides were synthesized 
by the Howard Hughes Medical Institute Keck Foundation Bio- 
technology Resource Center at Yale University; purified by dena- 
turing PAGE; eluted from the gel by crush-soaking in 10 mM 
Tris-HCl (pH 7.5 at 23°C), 200 mM NaCl, and 1 mM EDTA; and 
precipitated with ethanol. 

In-Line Probing Assays. RNA constructs were prepared from syn- 
thetic double-stranded DNA templates by in vitro transcription by 
using methods similar to those described previously (53). The 
resulting RNAs were dephosphorylated by using alkaline phospha- 
tase (Roche Diagnostics, Indianapolis, EN) and subsequently la- 
beled with 32 P by using T4 polynucleotide kinase (New England 
Biolabs, Ipswich, MA) following the manufacturer's instructions. 
Radiolabeled RNAs («=2 nM) were subjected to in-line probing by 
incubation with or without various ligands for 40 h in 10-/J.1 reactions 
containing 50 mM Tris-HCl (pH 8.5 at 23°C), 20 mM MgCl 2 , and 
100 mM KC1. Denaturing 10% PAGE was used to separate 
spontaneously cleaved products, which were visualized by using a 
Molecular Dynamics Phosphorlmager (Sunnyvale, CA). Image- 
QuaNT software was used to quantitate spontaneous cleavage 
amounts. 

In Vitro Transcription Termination Assays. The protocol for single- 
round transcription assays was adapted from that described previ- 



ously (45). The fysC promoter of B. subtilis was used to facilitate 
greater transcription yield with the I-A construct. Transcription 
reactions contained 100 nM DNA template in 20 mM Tris-HCl (pH 
8.0 at 23°C)/20 mM NaCl/14 mM MgCb/O.l mM EDTA1 mg/ml 
BSA/50% glycerol 2.2 juM E. coli RNA polymerase holoenzyme 
(Epicenter Technologies, Madison, WI). Transcription was initi- 
ated by adding 2.5 /uM GTP and UTP, 1 /uM ATP, 4 juCi 
[a- 32 P]ATP, and 1.35 jxM ApA dinucleotide. After incubating for 
10 min at 37°C, 0.075 mM GTP, ATP, and CTP; 0.025 mM UTP; 
and 0.1 mg/ml heparin were added, and the resulting mixture was 
allowed to incubate for 20 min at 37°C. Products were separated by 
denaturing 6% PAGE and imaged and quantitated by using a 
Phosphorlmager and ImageQuaNT software. 

The FL and T transcript amounts were established by correcting 
for the differences in the number of A residues in the molecules. 
The percentage of [a- 32 P]ATP compared with total ATP concen- 
tration in the initiation and elongation reactions (7% and 0.4%, 
respectively) was established, and the relative amount of radioac- 
tivity per T (t/ T ) and FL (17pl) transcripts was calculated for each 
transcript size by using the following equation: [(Number of A 
residues in initiation region) (7%) + (Number of A residues in 
elongation region)(0.4%)] = U. 

Ut/Ufl is equal to the correction factor (X%) that accounts 
for the increased number of radiolabeled adenosine residues in 
the FL transcript. The equation used to establish the percent- 
age of transcription termination was: [T/(T + FL)(X%)] = 
percentage termination. 
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comments on experiments. This work was supported by the Howard 
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Adenine riboswitches and gene activation by disruption of 
a transcription terminator 

Maumita Mandal & Ronald R Breaker 

A class of riboswitches that recognizes guanine and discriminates against other purine analogs was recently identified. RNAs that 
carry the consensus sequence and structural features of guanine riboswitches are located in the 5' untranslated region (UTR) of 
numerous prokaryotic genes, where they control the expression of proteins involved in purine salvage and biosynthesis. We 
report that three representatives of this riboswitch class bind adenine with values for apparent dissociation constant (apparent 
K d ) that are several orders of magnitude lower than those for binding guanine. Because preference for adenine is attributable to a 
single nucleotide substitution, the RNA most likely recognizes its ligand by forming a Watson-Crick base pair. In addition, the 
adenine riboswitch associated with the ydhL gene of Bacillus subtilis functions as a genetic 'on' switch, wherein adenine binding 
causes a structural rearrangement that precludes formation of an intrinsic transcription terminator stem. 



Guanine-sensing riboswitches are RNA genetic control elements that 
modulate gene expression in response to changing concentrations of 
guanine 1 . They represent one of several classes of metabolite-binding 
riboswitches that regulate gene expression in response to various fun- 
damental compounds such as lysine and the coenzymes FMN, SAM, 
B 12 and TPP (thiamine pyrophosphate) 1,2 . Typically, each riboswitch 
comprises two functional domains, an aptamer and an expression 
platform, that function together to transduce chemical signals into 
altered patterns of gene expression. The aptamer is a specific receptor 
for the target metabolite, and ligand binding causes allosteric changes 
in both the aptamer and expression platform domains. 

We have closely examined the ligand specificities of the natural 
aptamers from guanine- and lysine-specific riboswitches 1,3 , and less 
comprehensively examined the FMN, SAM, B ]2 and TPP aptamers 4 " 7 . 
In each case, the RNAs closely discriminate among different mole- 
cules, disfavoring the binding of even closely related metabolite 
analogs. This discrimination is a hallmark of enzymes and receptors, 
including genetic regulatory factors, that carry out precise biological 
processes in the presence of complex chemical mixtures. 

The molecular recognition characteristics of guanine riboswitches 
are distinguished by the fact that nearly every position around the 
purine heterocycle seems critical for high-affinity binding by the 
aptamer. Thus, the arrangement of the binding pocket permits the 
riboswitch to control gene expression in response to changing guanine 
concentrations, but prevents modulation of gene expression in 
response to increasing concentrations of adenine 1,8 . However, recep- 
tors made of RNA, like their protein counterparts, could acquire 
altered molecular recognition characteristics as a result of natural 
selection. This would allow riboswitches to emerge that selectively 
sense and respond to proximal metabolites in metabolic pathways. 



Here, we present evidence of a variant class of riboswitches that 
responds to adenine. These riboswitches carry an aptamer domain 
similar in sequence and secondary structure to the guanine aptamer 
described recendy 1 . However, each representative of the adenine sub- 
class of riboswitches carries a C->U mutation in the conserved core of 
the aptamer, suggesting that this residue is involved in metabolite 
recognition. Our findings indicate that the identity of this single 
nucleotide determines the binding specificity between guanine and 
adenine, providing an example of how complex riboswitch structures 
could mutate to recognize new metabolite targets. 

RESULTS 

Phylogenetic comparison between riboswitch domains 

In a recent study, we used a comparative sequence strategy to identify a 
series of intergenic regions from several prokaryotic species that carry 
a conserved sequence element called the 'G box' 1 . B. subtilis carries at 
least five of these motifs, which were also identified using genetic tech- 
niques 9 . Each representative of the phylogeny has three potential base- 
paired elements (P1-P3) and as many as 24 nucleotides that are 
conserved in >90% of the examples identified so far. We present here a 
subset of this phylogeny with features common to the G box motif 
highlighted (Fig. la). Selected representatives seem to be expressed as 
part of the mRNA transcript of the gene immediately downstream, 
and thus are present as RNA elements in the 5' UTR of certain mRNAs. 

We identified several notable differences in the guanine-binding 
domain of xpt (Fig. lb) relative to the RNA from ydhL (Fig. lc), which 
encodes a putative purine efflux pump 9 . First, among the 23 sequence 
variations in ydhL as compared with xpt, 20 reside in base-paired ele- 
ments and base pairing is retained with most of these changes. This 
strongly indicates that the overall secondary structure of the two RNAs 



Department of Molecular, Cellular and Developmental Biology, Yale University, PO Box 208103, New Haven, Connecticut 06520-8103, USA. Correspondence should 
be addressed to R.R.B. (ronald.breaker@yale.edu). 

Published online 29 December 2003; doi:10.1038/nsmb710 



NATURE STRUCTURAL & MOLECULAR BIOLOGY VOLUME 11 NUMBER 1 JANUARY 2004 



ARTICLES 



P1 P2 

BS2-pur£ 5 ' -ACACGACCUCAUATO 
BS3-xpt 

BS5-ydhL AUUAUCACUUGUAl 

CPA-add AUUUUGCUUCGUAI Af CUrUAAU AUAUC 

Wl- add UCAACGCUUCAUAU - AUCCUAAUGV'A' 





P3" 



PV 



u uu c„ 



CACGCA A 
r GUGCGC U 



xpf aptamer 
domain 



A u 


A 


u 


20- 


u • 


- A 




A 


U 


P1 


C 
U« 


G 
• G 




c 


G 




A 


U 




C 


G 


5'-^ 


f 


\ 



X 



^3' 



5 P3 

• G C 6 ,° 
~' A c 

A ,p 
AAU 



:CGUA^UUGCCGGACUAUGCAGGAAAG 
-CCGrjAAA-UCLCCGA UUTGGGUGAGCA 
.-CCGUAAA-ADCCUGM ' jACAAAAUUUUG 
' -CCGAGAA-Ut!C,!UGA.U' A CGAAGAAAGC 



•CCUUAAA- 



iUUAUGAAGUCUGU 



UUUGAGG 



U. .UAACUCC 
AA p 2 A a 

yoftL aptamer u * - 
domain pig- 



^3' 



Figure 1 Guanine- and adenine-specific riboswitches. (a) Sequence and structural features of the two guanine-specific (pur£and xpt) and three adenine- 
specific aptamer domains examined in this study. P1-P3, three base-paired stems composing the secondary structure of the aptamer domain. Red letters, 
positions whose base identity is conserved in >90% of representatives in the phytogeny 1 . Arrow, a nucleotide in the conserved core of the aptamer that 
determines ligand specificity. BS, CP and VV designate B. subtilis, Clostridium perfringens and Vibrio vulnificus, respectively. (b,c) Sequence and secondary 
structure of the xpf (b) and ydhL (c) aptamers. Green letters, positions in the ydhL aptamer that differ from those in the xpt aptamer. Nucleotides in xpf are 
numbered as described 1 . Other notations are as described in a. 



■fi is similar. Second, the remaining three mutations are in unpaired 
Q- regions, such that two (corresponding to positions 32 and 48 relative 
| to xpt) reside at locations known to be variable. These mutations prob- 
■g ably do not substantially impact the structure and function of the 
RNA. Third, the remaining mutation is 74C->U (position relative to 
o xpt), which otherwise corresponds to a strictly conserved nucleotide of 
w the three-stem junction. Given the location of this mutation, we sus- 
® pected diat this change might alter the molecular recognition charac- 
teristics of the ydhL aptamer. 

^Sj^ Variant G box RNAs selectively bind adenine 

~ The xpt aptamer makes numerous contacts with its ligand, and as 
many as seven hydrogen bonds might be involved in forming the 
RNA-ligand complex 1 . Furthermore, there is evidence that steric 
clashes probably aid in restricting the range of metabolites that can be 
bound by the RNA. This array of contacts can be established only by 
the formation of multiple interactions between guanine and distal 
parts of the RNA. 

An intriguing possibility is that C74 of xpt could form a Watson- 
Crick base pair with guanine, thus forming three of these hydrogen 
bonds. Because a G-»U mutation resides in the corresponding posi- 
tion in B. subtilis ydhL and two RNAs from Clostridium perfringens and 
Vibrio vulnificus, we speculated that these RNAs might be adenine- 
responsive riboswitches. The latter two genes (add) encode adenine 
deaminase enzymes, lending further support to this hypothesis. It 
seems reasonable that the concentration of adenine would be moni- 
tored to determine the expression levels of adenine deaminase. 

We examined the ligand specificity of five G box RNAs (Fig. la) 
using in-line probing 10,11 in which we monitored the spontaneous 
cleavage of RNA in the absence of ligand, or in the presence of guanine 
or adenine. As predicted previously 1 , the purE RNA (Fig. 2a) exhibits 
changes in the pattern of spontaneous cleavage products in the 



presence of guanine that correspond to those observed for the xpt 
RNA (Fig. 2b). These results confirm that the purE RNA, like the xpt 
RNA, responds allosterically to guanine and not to adenine when 
incubated in the presence of the concentrations of ligand tested. 

In contrast, all three RNAs that carry the C-»U mutation in the 
junction between PI and P3 (corresponding to C74 of xpt) do not 
respond to guanine, but show structural modulation only when incu- 
bated in the presence of adenine. Furthermore, the patterns of sponta- 
neous cleavage for the adenine-specific aptamers are consistent with 
the secondary-structure model proposed for G box RNAs (Fig. 1). 
These results indicate that certain variants of the G box class of RNAs 
are adenine sensors. They also suggest that, in their natural settings, 
the ydhL RNA from B. subtilis and the two add RNAs from 
C. perfringens and V. vulnificus are adenine-specific riboswitches. 

ydhL RNA binds adenine with high affinity and selectivity 

The aptamer domains of riboswitches bind dieir corresponding target 
compounds tighdy, and they discriminate against analogs, in some 
cases by orders of magnitude in apparent K d . For example, the guanine 
riboswitch from B. subtilis xpt has an apparent K A for guanine of 
~5 nM, but binds adenine with an apparent K A value that is at least 
100,000-fold higher. We have used in-line probing assays to determine 
the binding affinities of an 80-nucleotide portion of the B. subtilis 
ydhL RNA (80 ydhL) for these two purines. As expected, the RNA 
exhibits progressively changing patterns of spontaneous RNA cleavage 
fragments as adenine concentration increases (Fig. 3a), but the pattern 
remains unchanged as guanine concentration increases as high as 
10 U.M (see below). 

We grouped the bands corresponding to spontaneous cleavage frag- 
ments that undergo changes as adenine concentration increases into 
four sites and quantified the extent of cleavage relative to the total RNA 
present. We plotted these data (Fig. 3b) to estimate the apparent K d for 



VOLUME 11 NUMBER 1 JANUARY 2004 NATURE STRUCTURAL & MOLECULAR BIOLOGY 



ARTICLES 



a B.subtilis b B.subtilis c B.subtilis d C. perfringens e V. vulnificus 

82 purE 93 xpf 80 ydhL 80 add 96 add 




Figure 2 Ligand specificity of five G box RNAs. (a-e) In-line probing assays for the conserved aptamer domains as labeled. NR, Tl and -OH: marker lanes in 
which precursor RNAs (Pre) were not incubated, or were partially digested with RNase Tl or alkali, respectively. Selected bands corresponding to RNase Tl 
digestion (cleavage 3' relative to guanidyl residues) are labeled for each RNA. RNAs were incubated for 40 h in the absence of ligand (-), or in the presence 
of 1 uM guanine (G) or adenine (A). Large arrowheads, sites of substantial change in cleavage pattern due to the addition of a particular ligand. See Methods 
for additional details. 



ligand binding. In this instance, a half-maximal decrease in sponta- 
neous cleavage at sites 1, 2 and 4, and a corresponding half-maximal 
increase in spontaneous cleavage at site 3 occurs with ~300 nM ade- 
nine in the in-line probing assay. Thus, the ydhL aptamer binds 
adenine with an apparent K d similar to those of other classes of 
riboswitches. 

We further examined the molecular recognition characteristics of 80 
ydhL using the same in-line probing strategy with a variety of analogs. 
For example, a series of purine analogs that are close chemical variants 
of adenine, 2,6-DAP, 2-AP, P and MA, bind measurably to the RNA 
(ligands listed in order of decreasing affinity) (Fig. 4a). Furthermore, 
the relative affinities of the RNA for various ligands indicate contact 
points that the aptamer may use to establish molecular recognition 
(Fig. 4a, bottom right). This model is consistent with our findings that 
a series of purine analogs do not bind measurably to the 80 ydhL RNA 
(Fig. 4b). 

The collection of purines recognized by 80 ydhL indicate that only 
the Watson-Crick base-pairing face of the purine ligand is recognized 
differendy by the ydhL aptamer as compared with the xpt aptamer. For 
example, modification at the C8 position (8-chloroadenine) prevents 
ligand binding, suggesting that a steric clash between certain purines 
and 80 ydhL occurs, as was observed for the xpt aptamer 1 . Notably, 
2,6-DAP, and not adenine, is the tightest-binding ligand for 80 ydhL; 
this provides further insight into the similarities between the ydhL and 
xpt aptamers. The xpt aptamer has a poorer binding affinity for 
A^-methylguanine than for both guanine and hypoxanthine, indicat- 
ing that the RNA might make use of two hydrogen bond contacts with 
the 2-amino group 1 . One of these could be explained by the formation 
of a G-C base pair, whereas die other interaction with this functional 
group of the ligand would need to be formed by a different part of the 
aptamer. Therefore the 80 ydhL RNA would lose the ability to form 
one hydrogen bond to the 2-amino group that otherwise would be 
formed by the 6-keto group of cytosine, but retain the other because 
this part of die aptamer remains the same between the two RNAs. 
Thus, the molecular recognition characteristics of these RNAs are con- 



sistent with the hypothesis that the ydhL RNA differs in molecular 
recognition from xpt with a pattern that can be explained by a change 
from a Watson-Crick G-C base pair in xpt to a Watson-Crick A-U base 
pair in ydhL. 

Swapping ligand specificity of G box RNAs 

We used molecular engineering to test the hypothesis that the xpt and 
ydhL RNAs derive their specificity for guanine or adenine by a 
Watson-Crick base-pairing interaction. A similar approach was used 
previously 12 to change the ligand-rescue specificity of an abasic 
hammerhead ribozyme construct from guanine to adenine. Both 
wild-type (93 xpt and 80 ydhL) and mutant (93 xpt 74C->U and 
80 ydhL 74U->C) forms of G box aptamers were generated and tested 
for binding activity with guanine and adenine (Fig. 5). 

As observed previously 1 , the aptamer based on xpt undergoes struc- 
tural modulation only when incubated in the presence of guanine, and 
shifts the distribution of tritiated guanine (but not adenine) in an 
equilibrium dialysis assay (Fig. 5a). However, the 93 xprRNA that car- 
ries a single 74C— >V mutation is unresponsive to guanine, but exhibits 
structural modulation and binding activity during equilibrium dialy- 
sis only in the presence of adenine (Fig. 5b). Similarly, the K d of the 
wild-type xpt RNA for 2,6-DAP is 10 uM, whereas the C->U mutant 
version of this RNA binds 2,6-DAP with a K d of -10 nM (data not 
shown). In contrast, the wild- type 80 ydhL RNA is specific for adenine 
(Fig. 5c), whereas the corresponding U-»C mutation alters binding 
specificity to guanine (Fig. 5d). Therefore, we conclude that die pri- 
mary determinant of the base specificity of G box aptamers is the cyto- 
sine or uracil residue that is present in the junction between stems PI 
and P3, and that this base most likely forms a conventional Watson- 
Crick base pair with its target ligand. 

Genetic control mechanism of the ydhL RNA 

In most instances, riboswitches control gene expression in prokaryotes 
by allosteric interconversion between alternate base-paired structures 2 . 
For example, a TPP riboswitch from the MM gene of Escherichia colt 
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Figure 3 Binding affinity of the ydhL aptamer for adenine, (a) In-line probing assay for the 80 ydhL 
RNA at various concentrations of adenine. For each lane, sites 1-4 were quantified and the fraction of 
RNA cleaved was used to determine the apparent K 6 . (b) Plot of the normalized fraction of RNA that 
has undergone spontaneous cleavage at sites 1-4 versus the concentration of adenine. See Methods for 
additional details. 



makes use of alternate base pairing to sequester the Shine-DaJgarno 
sequence of the mRNA in the presence of ligand; this presumably 
results in reduced translation initiation 7 . In contrast, TPP riboswitches 
from B. subtilis harness ligand-binding events to alter base-pairing pat- 
terns and form intrinsic terminator stems that cause transcription 
elongation to abort 13,14 . Similarly, metabolite-mediated formation of 
transcription terminator stems is used by certain riboswitches that 
respond to FMN 4 ' 15 , SAM 3,16 - 17 , guanine 1 and lysine 3 . 

We examined the UTR sequence of the ydhL riboswitch for evidence 
of a transcription termination mechanism. Consistent with dlis possi- 
bility, the 5'-UTR of the ydhL mRNA can form a large hairpin, com- 
posed of as many as 22 base pairs, followed by a run of eight uridyl 
residues (Fig. 6a). This structural feature, 
which was also noted elsewhere recendy 9 , is 
characteristic of an exceptionally long intrin- 
sic terminator stem. We speculate that in the 
absence of adenine the riboswitch forms this 
intrinsic terminator. In this case, die default 
genetic control status of this riboswitch 
would be the predicted 'off' state, which pre- 
vents gene expression by inducing transcrip- 
tion termination. In the presence of adenine, 
gene expression would be expected to proceed 
because a substantial portion of the left shoul- 
der of the terminator stem would be required 



to form stems PI and P3 of the adenine 
aptamer domain. Because stems PI and P2 
are integral components of the adenine 
aptamer, ligand binding would establish a 
structure that precludes formation of the ter- 
minator stem. 

We assessed this proposed mechanism for 
the ydhL riboswitch in vivo by generating 
reporter constructs in which various forms of 
guanine- and adenine-specific riboswitches 
were integrated into the B. subtilis genome. 
As controls, we prepared two reporter 
constructs with either the wild-type xpt 
riboswitch or the xpt variant with the 
74C->U mutation. As expected, the wild- 
type xpt construct caused repression of 
p-galactosidase expression with excess gua- 

nine in the culture medium (Fig. 6b). This 

finding is similar to those reported previ- 
ously for the function of the guanine 
riboswitch from xpt 1 . Adenine also shows moderate (about four-fold) 
repression of reporter expression after a 6 h incubation. This latter 
effect is most likely attributable to the PurR protein, which moder- 
ately downregulates transcription initiation in response to adenine at 
the xpt-pbuX promoter used in this construct 8 . 

A nearly identical xpt construct carrying the C-»U mutation 
causes a loss of regulation upon addition of guanine, but shows no 
change in the putative protein- dependent control due to adenine 
(Fig. 6c). These results are consistent with the observed loss of gua- 
nine binding in vitro with this mutation, but suggest that the result- 
ing specificity change to adenine in vitro does not permit robust 
adenine-dependent genetic control in vivo. The diminished expres- 
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Figure 4 Specificity of molecular recognition by 
the adenine aptamer from ydhL. (a) Top: 
Chemical structures of adenine, guanine and 
other purine analogs that bind measurably to the 
80 ydhL RNA. Chemical changes relative to 
2,6-DAP, the tightest-binding compound, are 
highlighted in pink. Bottom left: plot of apparent 
K 6 values for various purines. Bottom right: model 
for the chemical features of adenine that are 
molecular recognition contacts for ydhL. The 
importance of N7 and N9 has not been 
determined. Encircled arrow indicates that a 
contact could exist if a hydrogen bond donor were 
appended to C2. (b) Chemical structures of 
various purines that are not bound by the 80 ydhL 
RNA (Rvalues >300 uM). 
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sion upon addition of adenine is again probably due to the PurR 
protein. 

In contrast to the xpt riboswitch, the operation of the corresponding 
wild-type and mutant ydhL reporter constructs indicates that the latter 
is an adenine-dependent riboswitch with the opposite response to ris- 
ing levels of ligand. Specifically, the wild-type ydhL construct has very 
low fj-galactosidase activity when assayed in the absence of ligand, or in 
the presence of guanine (Fig. 6d). However, a more than ten-fold 
increase in gene expression occurs in response to added adenine. In 
addition, the single U— >C mutation in the P1-P3 junction of the 
aptamer causes substantial (~ 100-fold) derepression regardless of 
ligand (Fig. 6e). Although this seems to contradict the model proposed 
for ydhL riboswitch function, this mutation indeed disrupts adenine 
binding, but it also causes a mismatch in the terminator stem. If this 
mismatch sufficiently destabilizes the terminator stem, or adversely 
affects the folding pathway for the riboswitch, then the default 'off' 
status for the genetic control element would be expected to change to a 
default 'on' status. Therefore, the observed level of gene expression 
might indicate full activation of the ydhL gene when its genetic control 
element is unaffected by the concentrations of purines in the cell. 

DISCUSSION 

Structure and evolution of adenine riboswitches 

The sequence and biochemical similarities between guanine- and 
adenine-specific G box RNAs indicate that they are analogous in over- 
all secondary and tertiary structure. The ease of interchanging ligand 
specificities of these aptamers through single mutations to the xpt and 
ydhL aptamers suggests that such changes might occur with high fre- 
quency in natural populations. However, neither single-base variant of 
the xpt or ydhL riboswitches exhibits corresponding specificity 



changes in genetic control in vivo, suggesting that multiple mutations 
might be necessary to make a useful change in riboswitch specificity. 

The binding affinity of the resulting single-base xpt variant is not as 
robust for its new ligand. Specifically, the wild-type xpt RNA has an 
apparent K A for guanine of <5 nM (Fig. 5a), whereas the C->U variant 
of this RNA has an apparent K d for adenine of -100 nM (Fig. 5b). In 
this case, although the mutation causes a substantial change in base 
discrimination between guanine and adenine, binding affinity for the 
matched ligand has been somewhat degraded. In contrast, the wild- 
type and mutant ydhL RNAs exhibit both specificity change and reten- 
tion of binding affinity for the matched ligands (Fig. 5c,d). However, 
the affinity for the U->C variant of 80 ydhL for guanine seems at least 
ten-fold lower than that of 93 xpt. 

These observations, along with die operation of the variant RNAs 
in vivo, suggest a complex issue regarding riboswitch function inside 
cells. Current studies are more comprehensively addressing the issue 
of ligand concentration and genetic control. Certain riboswitches 
seem to be kinetically driven such that genetic control is determined 
by the rate constant for ligand association and not by the thermo- 
dynamic parameter K A (unpublished data). Although the adenine- 
binding riboswitch engineered by mutating a single base of the xpt 
RNA has a iC d similar to that of the natural adenine riboswitch from 
ydhL, other mutations might be required to reestablish the kinetic 
parameters needed for function in vivo. 

Thus, accessory mutations that do not directly define ligand speci- 
ficity but that further adjust binding affinity might be necessary for G 
box RNAs to interconvert between guanine and adenine ligands in a 
biological setting. In this regard, it is notable that the ydhL and xpt 
aptamers differ from each odier at 23 positions (Fig. 1), only one of 
which is an obviously critical position (C74 of xpt). Some of these 
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mutations might fine-tune the binding affinity of the aptamers, 
whereas others could have resulted from neutral drift in the RNA 
sequence that is permitted because they retain the essential secondary- 
structure elements. 

Genetic control and function of the ydhL mRNA 

Mutant strains of B. subtilis diat resist the toxic effects of 
2-fluoroadenine were reported recentiy 9 . These mutations, which 
cause overexpression of die ydhL gene product, were mapped to the 
adenine riboswitch domain. In both cases, the changes (deletions) are 
expected to disrupt riboswitch function by eliminating a portion of 
the terminator stem or by eliminating both the terminator stem and 
portions of the adenine aptamer domain. In both cases, the variants 
prevent the riboswitch from adopting its default sate (transcription 
termination), causing unmodulated activation of gene expression. 

The protein product of the ydhL gene (also called pbuE) has been 
proposed to be a purine efflux pump 9 . Thus the resistance to 
2-fluoroadenine conferred on the cell by disruption of the adenine 
riboswitch from ydhL might be due to excretion of this toxic com- 
pound. We speculate that, in the wild-type organism, the presence of 
excess adenine within the cell probably induces increased expression of 
the ydhL gene to produce the purine efflux protein. Greater amounts 
of this protein dien work to normalize the concentration of purines by 
pumping out of the cell one or more forms of this compound class. 

Genetic modulation by rising metabolite concentrations 

The adenine riboswitch from B. subtilis is also notable for its mecha- 
nism of action. In the majority of riboswitches examined so far, gene 
expression decreases as a result of metabolite binding. This occurs 
either by ligand-mediated formation of a terminator stem to prevent 
transcription of the complete mRNA, or by sequestration of the Shine- 



Dalgarno sequence and prevention of translation initiation 2 . In most 
instances, the downregulation of gene expression is expected, as a 
buildup of sufficient amounts of a particular metabolite would logi- 
cally provide a signal to turn off genes involved in biosyndiesis or 
import of the compound 18 . 

The adenine riboswitch from ydhL (and, presumably, the add 
riboswitches) belong to a group of genes whose functions require 
riboswitch activation in the presence of high concentrations of target 
compounds. Vox ydhL, disposal of excess purines would be important 
because certain purines such as guanine are insoluble at moderate 
concentrations. Alternatively, adenine deaminase would not need to 
be expressed if adenine concentrations were exceptionally low, and 
therefore we expect that the riboswitches from the add genes of 
C. perfringens and V. vulnificus might also be activated by ligand bind- 
ing. Notably, T box domains, which are 5' UTR structures that control 
the expression of many aminoacyl-tRNA synthetases in B. subtilis and 
other Gram-positive organisms 19 , also induce gene expression in 
response to rising concentrations of the target they sense. However, 
unlike known metabolite-binding riboswitches, T box domains sense 
the biochemical precursor (nonaminoacylated tRNAs) to the products 
of the enzymes whose expression they control 20 . 

Although we expect riboswitches that induce gene activation in 
response to increasing metabolite concentration to occur less fre- 
quendy owing to genetic necessity, there is no inherent reason why 
RNA folding would favor this distribution between gene-activating 
and gene-deactivating riboswitches. Regardless of whether the 
riboswitch responds to ligand binding by activating or repressing gene 
expression, the RNAs will exploit allosteric changes in secondary 
and/or tertiary structure that are based on the same principles of RNA 
folding. The only obligate difference between riboswitches that acti- 
vate genes and those that repress them is in the fine structure of the 
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expression platform. The aptamer domain can remain largely 
unchanged regardless of the genetic control mechanism; this accounts 
for their widespread sequence conservation in biological systems. 



METHODS 

Purine analogs. Guanine, adenine, 2,6-diaminopurine, 2-aminopurine, hypo- 
xanthine, xanthine, 1-methyladenine, purine, 6-methylaminopurine, A^-N 6 
dimethyladenine, 6-mercaptopurine, 3-methyladenine, guanine-8[ 3 H] and 
adenine-2,8 [ 3 H] were purchased from Sigma. 6-cyanopurine and 8-azaadenine 
were obtained from Aldrich and 2-chloroadenine, 8-chloroadenine from 
o Biolog Life Science Institute. 

| DNA oligonucleotides. Oligonucleotides were synthesized by the Howard 

0 Hughes Medical Institute (HHMI) Keck Foundation Biotechnology Resource 
±2 Center at Yale University (New Haven), purified by denaturing PAGE, and 
*j eluted from the gel by crush-soaking in a buffer containing 10 mM Tris-HCl 
| (pH 7.5 at 23 °C), 200 mM NaCl and 1 mM EDTA. DNAs were precipitated 
§ with ethanol, resuspended in deionized water and stored at -20 °C until use. 

£; In-line probing of RNA constructs. RNA constructs were synthesized from the 

«j corresponding PCR DNA templates by transcription in vitro using T7 RNA 

5 polymerase, dephosphorylated, and 5'-end labeled with 32 P as described 1 . In a 

1 typical in-line probing assay, 2 nM of labeled RNA was incubated for 40 h at 
== 25 °C in a buffer containing 20 mM MgCl 2 , 50 mM Tris-HCl (pH 8.3 at 25 °C) 
£■ and 1 00 mM KC1 in the absence or presence of purine compounds as indicated 
^ for each experiment. Purine concentrations ranging from 1 nM to 10 uM were 
g- used unless otherwise noted. At the end of each incubation, spontaneously 
g cleaved products were separated using denaturing (8 M urea) 10% (w/v) PAGE, 
C3 visualized with a Phosphorlmager and quantified with ImageQuaNT 
j? (Molecular Dynamics). 

jffi Equilibrium dialysis. Equilibrium dialysis assays were conducted using a 

-° DispoEquilibrium Dialyzer (Harvard Biosciences) in which chambers A and B 

a are separated by a 5,000 MWCO membrane. Chamber A contained 30 ul of 

£ [ 3 H]guanine (0.27 uCi) or [ 3 H]adenine (0.73 p.Ci) at a concentration of 

jl 100 nM in a buffer containing 50 mM Tris-HCl (pH 8.5 at 25 20 mM 

Z MgCl 2 and 100 mM KC1. A 30 ul aliquot of this buffer containing 3 uM RNA 

g was delivered into chamber B. Equilibrations proceeded for 10 h at 25 °C. 

o Subsequently, 5 ul was withdrawn from each chamber and quantified by liquid 

@ scintillation counting. 

Construction of xpt- and ydhL-lacZ fusions. A DNA construct comprising 
jpffjk nucleotides -468 to +9 relative to the translational start site ofycihL was ampli- 
IgJ lied by PCR from B. subtilis strain 1A40 (Bacillus Genetic Stock Center, 
^ Columbus, Ohio, USA) with primers that introduced £coRI-BamHI restriction 
sites. The wild-type construct was inserted into pDG1661 at £coRI-i?amHI 
restriction sites directly upstream of the IncZ reporter gene and sequenced to 
confirm its integrity. The resulting plasmid was used as a template for site- 
directed mutagenesis via the QuikChange kit (Stratagene) using the appropri- 
ate primer. Preparation of the wild-type xpt-lacZ construct was reported 
elsewhere 1 . Plasmid variants were integrated into the amyE locus of B. subtilis 
strain 1A40 and the transformants were confirmed as described 1 . 

In vivo analysis of riboswitch function. Transformed B. subtilis cells were 
grown to mid log phase with constant shaking at 37 °C in minimal medium 
containing 0.4% (w/v) glucose, 20 g H (NH 4 ) 2 S0 4 , 25 g H K 2 HP0 4 , 6 g H 
KH 2 P0 4 , 1 g l" 1 sodium citrate, 0.2 g H MgS0 4 -7H 2 0, 0.2% (w/v) glutamate, 
5 ug ml- 1 chloramphenicol, 50 ug ml -1 L-tryptophan, 50 ug ml" 1 L-lysine and 
50 ug mH L-methionine. Guanine or adenine was added to a final concentra- 
tion of 0.1 mg ml -1 . Cells at mid exponential stage were harvested and resus- 



pended in minimal medium in the presence or absence of purines and grown 
for an additional time as indicated for each experiment, at which time 1 ml of 
cell culture was assayed for B-galactosidase activity using a variation of the 
method described by Miller 21 . 
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Structural basis for gene regulation by a thiamine 
pyrophosphate-sensing riboswitch 

Alexander Serganov 1 , Anna Polonskaia', Anh Tuan Phan ] , Ronald R. Breaker 2 & Dinshaw J. Patel 1 



Riboswitches are metabolite-sensing RNAs, typically located in 
the non-coding portions of messenger RNAs, that control the 
synthesis of metabolite-related proteins'"" 3 . Here we describe a 
2.05 A crystal structure of a riboswitch domain from the Escherichia 
coli MM mRNA 4 that responds to the coenzyme thiamine pyro- 
phosphate (TPP). TPP is an active form of vitamin B„ an essential 
participant in many protein-catalysed reactions 5 . Organisms from 
all three domains of life 6 " 9 , including bacteria, plants and fungi, use 
TPP-sensing riboswitches to control genes responsible for import- 
ing or synthesizing thiamine and its phosphorylated derivatives, 
making this riboswitch class the most widely distributed member of 
the metabolite-sensing RNA regulatory system. The structure 
reveals a complex folded RNA in which one subdomain forms an 
intercalation pocket for the 4-amino-5-hydroxymethyl-2-methyI- 
pyrimidine moiety of TPP, whereas another subdomain forms a 
wider pocket that uses bivalent metal ions and water molecules 
to make bridging contacts to the pyrophosphate moiety of the 
ligand. The two pockets are positioned to function as a molecular 
measuring device that recognizes TPP in an extended confor- 
mation. The central thiazole moiety is not recognized by the RNA, 
which explains why the antimicrobial compound pyrithiamine 
pyrophosphate targets this riboswitch and downregulates the 
expression of thiamine metabolic genes. Both the natural ligand 
and its drug-like analogue stabilize secondary and tertiary struc- 
ture elements that are harnessed by the riboswitch to modulate the 
synthesis of the proteins coded by the mRNA In addition, this 
structure provides insight into how folded RNAs can form pre- 
cision binding pockets that rival those formed by protein genetic 
factors. 

More than 2% of the genes in some species are regulated by 
riboswil'ches 4,, """ 1 -\ whose representative classes compete in number 
with known metabolite-sensing regulatory proteins 14 . On metabolite 
docking, the sensing domain of the riboswitch shows conformational 
stabilization, which typically alters the base-pairing arrangements 
in the adjoining expression platform carrying gene-expression sig- 
nals 1 " 5 . Riboswitches have a remarkable affinity for their cognate 
ligands and can discriminate against even closely related analogues, 
as shown by biochemical experiments 1 - 13 ' 15 and X-ray structures of 
purine-sensing riboswitches bound to hypoxanthine 16 , guanine 11 ' and 
adenine 17 . TPP and pyrithiamine pyrophosphate (PTPP; Fig. la) are 
chemically more diverse than purines and pose several additional 
challenges for negatively charged RNA receptors, namely their large 
size, conformational flexibility and, most importantly, the presence 
of negatively charged phosphate groups 18 . 

We crystallized an 80-nucleotide TPP-sensing domain from the 
thiM mRNA 4 . This RNA conforms well with the consensus sequence 
and secondary structure model for TPP riboswitches that was 
established by previous phylogenetic 6 ' " and biochemical 4 ' 6,19 analyses 
(Supplementary Fig. SI). The structure (Fig. lb-d, Supplementary 



a Thiamine pyrophosphate Pyrithiamine pyrophosphate 
HMP Thiazole PP HMP Pyridine PP 




Figure 1 | Structural models of a TPP riboswitch and its ligands. 

a, Chemical structures of the natural metabolite TPP and the antimicrobial 
compound PTPP. b, c, Crystal structure of the TPP-bound sensing 
domain, showing front (b) and top (c) views. The RNA is in a stkk-and- 
ribbon representation, with bound TPP in red. Stems, loops and 
junctions are colour coded, d, Schematic depiction of the RNA tertiary fold 
observed in the structure. Tertiary contacts formed by hydrogen bonds (w, 
water-mediated bonds) between bases and stacking interactions are 
represented by thin and thick dashed lines, respectively. Red shading shows 
nucleotides conserved in more than 97% of sequences (}. E. Barrick and 
R.R.B., unpublished observations). Encircled M notations represent Mg 2+ 
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Fig. S2 arid Supplementary Table SI) reveals that the conserved 
nucleotides and secondary structure elements common to all TPP 
riboswitcb.es form a complex tertiary architecture consisting of 
two parallel helical domains (P2/J3-2/P3/L3 and J2-4/P4/P5/L5) 
connected to a helix (PI) by means of a three-way junction. 

Unlike most other ligand-RNA interactions that exploit the helical 
grooves of RNA, TPP is positioned perpendicular to the two main 
helical domains and uses separate pockets formed by each helical 
segment to grip the ends of the compound in an extended confor- 
mation (Fig. 2). In addition to the interdomain bridge formed by the 
ligand, the riboswitch uses tertiary contacts between L5 and P3, and 
between J2-4, P2 and P4, to assist in stabilizing the global fold. 

The J3-2 region (Fig. Id) is essential in the recognition of the 
4-amino-5-hydroxymethyl-2-methylpyrimidine (HMP) ring. The 
ring intercalates between G42 and A.43, and forms hydrogen bonds 
between its polar functionalities, previously shown to be critical for 
molecular recognition*, and the G40 base and the 2-OH' of G19 
(Fig. 2b, c). This binding arrangement is held by a T-loop-like turn 20 
formed by the conserved U39-G40-A41 -G42-A43 segment, closed by a 
reverse Hoogsteen U39-A43 pair (Fig. 3a). The backbone is extended at 
both G40-A4I and G42-A43, resulting in the mutual intercalation and 
insertion of the I IMP ring between these interacting segments. Further, 
the fold is stabilized by continuous stacking of A41, G42, HMP, A43 
and G2J , and by the formation of (G19-A47)-G42 and (Gl8-C48)-A41 
triples (Fig. 2a and Supplementary Fig. S3). 

TPP riboswitch.es were the first of several classes found to make 
productive interactions with negatively charged phosphate 
groups 4 '' 2 '". The pyrophosphate group of TPP is bound in a spacious 
pocket by a pair of hexa-coordinated Mg i+ ions (Mgl and Mg2) with 
octahedral ligation geometry that are positioned by direct and water- 
mediated hydrogen bonds with RNA (Fig. 2d and Supplementary 
Fig. SJ ). The terminal phosphate of TPP is coordinated to both Mgl 



and Mg2, whereas the thiazole-linked phosphate is coordinated to 
Mg2. Mgl is directly coordinated to the 0 s carbonyls of the 
conserved G60 and G78 that are located in the region previously 
implicated in pyrophosphate recognition' 1 (Fig. 2b, d, and Supplemen- 
tary Fig. S2). In addition, the conserved C77 and G78 form hydrogen 
bonds to the oxygen atoms of the terminal phosphate of TPP. 

An analysis of 72 structures of proteins bound to TPP or its 
analogues from the Protein Data Bank indicates that proteins 
typically use charged amino acids to position Mg 2+ , Ca 2 ' f " or Mn 2+ 
ions in a site equivalent to Mg2. However, the Mgl ion is unique to 
TPP riboswitches. A bivalent cation at this location allows TPP to 
reach into the pyrophosphate-binding pocket, thereby stabilizing 
tertiary interactions important for gene regulation and corroborat- 
ing the requirement of Mg 2+ for TPP binding in eukaryotk" 1 and 
bacterial (Supplementary Fig. S4) TPP riboswitches. One could 
consider the ligand as TPP with two bound Mg 2+ ions, which 
overcomes the ligand's strongly negative electrostatic character. 
Other riboswitches could use similar simple structural arrangements 
in combination with cations and water to bind phosphorylated 
ligands selectively, which would make RNA surprisingly adept at 
binding negatively charged ligands. The dual bivalent cation arrange- 
ment is also distinct from that found in ribosomal RNAs that bind 
non-phosphorylated antibiotics, in which some contacts with RNA 
are mediated by single cations 22 " 24 . 

Nucleotides distal to the ligand-binding sites, conserved in 
sequence or secondary structure, are important in forming the 
overall architecture of the TPP-sensing domain. J2-4 (Fig. Id) is 
stabilized through the formation of a pair of stacked tetrads, where 
highly conserved A56G83 and A53-A84 non-canonical pairs (Sup- 
plementary Fig. S5a, b) are aligned in the minor groove of adjacent 
G-C pairs within P2, forming type I A-minor motifs 25 . Continuous 
stacking is observed between PI and P2, and between non-canonical 
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Figure 3 | Tertiary interactions defining TPP riboswitch structure and and P3 mediated by three K 1 ions (red spheres), d, Surface representation of 

accessibility to the binding pocket, a, interaction between J3/2 and P2, RNA and accessibility to the TPP-buiduig pocket. TPP is depicted in a stick 

mediated by the HMP ring, b, Stabilization of the J2-4 junction by two and mesh representation, 
stacked tetrads (in space-filling representation), c, Interactions between L5 



pairs in J2-4 and P4 (Fig. 3b). This structural arrangement is 
expected to be stabilized by ligand binding, and reinforces previous 
suggestions 4 ' 1 2-1 3 that stabilization of PI stems in riboswitches is 
important for the control of gene expression. 

Another key tertiary interface involves multiple base-base and 
base-backbone interactions between nucleotides of 1,5 and P3 
(Fig. 3c), thereby locking into register side-by-side arrangements of 
P4/P5 and P2/J3-2/P3 segments (Fig. lb). Three adjacent K + ions 
additionally stabilize the interactions (Fig. 3c). It should be noted 
that nucleotides of the L5/P3 interface are poorly conserved, and 
other TPP riboswitches could be stabilized by alternative tertiary 
contacts spanning this region. 

A surface view of the complex shows that the thiazole and 
diphosphate moieties of TPP are visible, whereas the intercalated 
HMP ring is buried (Fig. 3d). The deep insertion of the HMP ring 
most probably implies a conformational transition within the ribo- 
switch upon binding TPP. Support for this interpretation comes 
from in-line probing experiments, which have identified numerous 
internucieotide linkages that become conformational^ restricted on 
TPP binding 4 . The structure shows that these regions either contact 
the ligand directly or participate in critical contacts that form the 
global structure of the sensing domain. 

To assess global conformational changes brought about by ligand 
binding, we conducted nuclease VJ (helix-specific) and nuclease T2 
(single-strand-specific) partial digests of the free and ligand-bound 
riboswitches. In the absence of TPP these nucleases cleave regions 
that participate in TPP binding, such as nucleotides (nt) 39-44 (J3-2) 
and nt 59-61 (part of P4/P5), as well as some regions that are not 
directly involved in formation of the TPP-binding pocket, such as 
nt 67-72 (1,2) and nt 84-86 (Fig. 4 and Supplementary Figs S6 and 
S7). The addition of TPP decreases nuclease cleavage in regions 
that are important for both ligand binding and RNA folding 
(Fig. 4a, c). These results indicate that TPP not only stabilizes the 
two sections of the binding pocket by bridging the 13-2 and P4/P5 
regions but also promotes the formation and/or stabilization of distal 
tertiary contacts within the J2-4/P2/P4 region and between 1,5 and P3. 

© 2006 Nature P 



Tertiary contacts associated with the TPP-stabilized fold of the 
riboswitch are also apparent in primer extension assays using reverse 
transcriptase (RT). In the presence of various analogues, including 
thiamine monophosphate (TMP), RT does not alter its pattern of 
pausing compared with that observed in the absence of ligand 
(Fig. 4b). This probably reflects the inability of TMP to span the 
two ligand-binding portions of the sensing domain fully and to 
stabilize the global fold, consistent with the progressive loss of 
binding affinity for thiamine ligands that carry one or no phos- 
phates'. However, in the presence of TPP, RT pauses at two distinct 
positions (Fig. 4b). One pause at G86 occurs close to a pair of stacked 
tetrads anchoring tertiary contacts involving 12-4, P2 and P4, 
indicating that this conserved structural element becomes stabilized 
on ligand binding (Fig. 4c). A second RT pause occurs at C74 
adjacent to the tertiary contact between L5 and P3, which seems to 
be sufficiently strong despite the disruption of base pairing in PI , P4 
and P5 during primer extension. 

The composite TPP-binding pocket can be defined as a molecular 
ruler in which only a ligand of proper length can stabilize tertiary 
interactions and modulate gene expression. This structural charac- 
teristic allows the riboswitch to achieve up to about 3,000-fold 
discrimination against shorter TMP and thiamine, and to provide 
feedback gene regulation only in the presence of biologically active 
TPP (ref. 4). In contrast to such unprecedented discrimination of 
related ligands by the RNA distance ruler, purine riboswitches have 
developed a completely different approach to distinguishing between 
related ligands. Adenine-specific and guanine-specific riboswitches 
use a single tight pocket to position their ligands precisely for 
Watson-Crick pairing with the discriminatory nucleotide, uracil or 
cytosine, respectively, thus making a single nucleotide the key 
element governing riboswitch regulation 16,17 . 

Two predominant modes of TPP-dependent gene regulation, 
translation inhibition and transcription termination, are illustrated 
in Fig. 4d. Both require an over- threshold concentration of TPP in 
the cell for interaction with the riboswitch 4An - 19 . As evident from our 
biochemical experiments, binding of TPP to the riboswitch induces 
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Figure 4 | Structural probing of the TPP riboswitch and implications for 
TPP-mediated gene repression, a, Representative RNase VI and '1'2 
cleavage patterns for the thiM riboswitch (nt 1-166). 5' 32 P-labelled RNAs 
were treated by nucleases in the absence (-) or presence (+) of one, three 
and ten equivalents of TPP as described in Supplementary Methods and 
ref. 30. "OH and Be stand for ladders prepared by partial digestion with 
alkali or B. cereus RNase, respectively. The major cleavage protections and 
enhancements in the presence of TPP are labelled with triangles and stars, 
respectively, b, Primer extension analysis in the absence and presence of TPP 



or TMP. RT pauses are indicated by arrows, c, Summary of structure probing 
experiments. Major TPP protections against VI (red) and T2 (magenta) 
RNases are shown. The RT pauses are indicated by arrows, d, Typical 
mechanisms of TPP-specific gene repression. Top: translation initiation 
regulation {thiM genes). Bottom: transcription termination regulation 
(thiC genes). Complementary sequences and alternate base-pairing are 
shown in blue. SD sequence and initiation codon are shaded green. TPP and 
Mg 21 ions are depicted in red and magenta, respectively, e, Diagram of the 
OFF state of the E. coli MM riboswitch. 



conformational rearrangements leading to stabilization of the overall 
RNA fold and, most importantly, to stabilization of conserved tertiary 
contacts adjacent to PI, as defined in the crystal structure (Fig. 4e). 
These interactions, in turn, stabilize PI and promote folding of the 
expression platform, either to a hairpin that sequesters the Shine- 
Dalgarno (SD) sequence or to a terminator hairpin (OFF state); this 
results in the failure of translation initiation or premature transcrip- 
tion termination, respectively (Fig. 4d). Without TPP the riboswitch 
adopts alternative conformations, forming an anti -terminator hair- 
pin or opening the SD sequence for ribosome binding (ON state). 

Recent research 19 has revealed that the antimicrobial compound 
PTPP (Fig. la) binds to bacterial and fungal TPP riboswitches and 
can turn off the expression of critical biosynthetic genes. The 
structure indicates that the loss of PTPP activity, associated with 
drug-resisting mutations in TPP riboswitches, might be due to 
the disruption of key tertiary contacts made by tetrads (C50G, 
A84G, G86A) and J3-2 elements (A47A) (Fig. 3a, b). PTPP carries 
a pyridine ring in place of the thiazole ring of TPP (Fig. la). Because 
the TPP riboswitch does not make any substantive contacts with 
the ligand in this chemically distinctive region, our structure- 
based model reveals why PTPP functions as a mimic of the natural 
ligand (Supplementary Fig. S8). Given the important functional role 
of riboswitches in numerous microorganisms and the fact that 
riboswitches have not yet been detected in the human genome, 
structures of TPP and other riboswitch classes should enable 
researchers to employ rational drug discovery strategies to create 
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novel classes of antibacterial and antifungal compounds that target 
riboswitches 19 ' J6 ' 2 ' / . 

METHODS 

Crystallization. The TPP-riboswitch complex was prepared by mixing RNA 
transcribed in vitro and TPP in a buffer containing 50 mM potassium acetate 
pH 6.9 and 5 mM MgCI 2 . Crystals were grown by hanging-drop vapour diffu- 
sion. The complex solution and reservoir solution (28% w/v poly(ethylene 
glycol) 4000, 100 mM sodium acetate pH 4.8 and 200 mM ammonium acetate) 
were mixed in a 1:1 ratio and incubated at 20 °C. For soaking, crystals were 
washed with stabilizing solution lacking MgCl 2 and then incubated in the 
presence of 3mM Os(Nli 3 ) 6 for two days. 

Structure determination. Native and Os(NH 3 ) 6 multiple anomalous diffraction 
(MAD) data were collected at beamline X25 at the Brookhaven National 
Synchrotron Light Source. Data were processed with the HK.L2000 suite of 
programs (HKL Research). The structure was determined by using MAD 
osmium data and SOIVfi/RESOLVE 28 . The RNA model was built using 
TURBO-FRODO (<http://afmb.cnrs-nirs.fr/rubriquell3.html>) and refined 
with RF.FMAC 2 ' using a native data set (Supplementary Figs S9-S11). TPP 
and cations were added to the model on the basis of analysis of 2F U - F c and 
F„ - F c electron density maps. Na + , K 4 " and hydrated Mg^" 1 " were modelled on 
the basis of the number of coordination bonds, their distances and their 
coordination geometry. RNA residue 55 has a partial electron density. 
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Summary 

Metabolite-sensing mRNAs, or "riboswitches," speci- 
fically interact with small ligands and direct expres- 
sion of the genes involved in their metabolism. Ribo- 
switches contain sensing "aptamer" modules, capable 
of ligand-induced structural changes, and down- 
stream regions, harboring expression-controlling ele- 
ments. We report the crystal structures of the add 
A-riboswitch and xpt G-riboswitch aptamer modules 
that distinguish between bound adenine and guanine 
with exquisite specificity and modulate expression of 
two different sets of genes. The riboswitches form 
tuning fork-like architectures, in which the prongs are 
held in parallel through hairpin loop interactions, and 
the internal bubble zippers up to form the purine bind- 
ing pocket. The bound purines are held by hydrogen 
bonding interactions involving conserved nucleo- 
tides along their entire periphery. Recognition speci- 
ficity is associated with Watson-Crick pairing of the 
encapsulated adenine and guanine ligands with uri- 
dine and cytosine, respectively. 

Introduction 

RNA-mediated regulation [1-3] and catalysis [4, 5] are 
critically dependent on both nucleic acid architecture 
[6] and recognition [7, 8]. RNA aptamer-based systems 
serve as exceptional modules for ligand recognition 
and catalysis and exhibit tunable specificities and en- 
antiomeric selectivities [9, 10]. Aptamer and catalytic 
RNA modular domains can be coupled through RNA 
linker elements to generate allosteric ribozymes [11]. 
The functional principle of such designed molecular 
switches reflects propagation of ligand-associated 
adaptive transitions in the aptamer domain to the ribo- 
zyme domain, which in turn can influence ribozyme- 
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folding patterns. Such in vitro engineered tripartite RNA 
switches [12] have been successfully constructed to 
generate designed molecular sensors [13] and new 
families of genetic control elements [1 4]. 

The natural counterparts of in vitro engineered alloste- 
ric switches are recently discovered metabolite-sensing 
mRNAs that could potentially modulate the expression 
of many genes. A structure-function perspective of this 
new and unexpected role for mRNA could provide criti- 
cal information for defining the molecular basis of allo- 
steric mRNA transitions associated with the modulation 
of gene expression levels and metabolic homeostasis. 
Indeed, principles related to recognition of the aptamer 
scaffolds of metabolite-sensing mRNAs could underlie 
new approaches to drug design and to development of 
molecular sensors [15]. 

Recent reports describe the identification of RNA ge- 
netic control elements that bind coenzyme B 12 [16], fla- 
vin mononucleotide [17, 18], thiamine pyrophosphate 
[17, 19], S-adenosylmethionine [20-22], guanine [23], 
adenine [24], lysine [25, 26], and glycine [27]. Interac- 
tion of these small organic molecules with mRNA do- 
mains, or riboswitches, modulates expression of the 
genes involved in metabolism of these compounds, ac- 
counting for approximately 2% of the bacterial genes 
[23]. The field of metabolite-sensing mRNAs continues 
to flourish as outlined in recent reviews [28, 29], with a 
recent entry being a glucosamine-6-phosphate-sensing 
mRNA, which introduces a new paradigm, namely that 
the riboswitch is also a ribozyme [30]. More generally, 
it is conceivable that yet-to-be-identified riboswitches 
could also control other RNA-associated processes, 
such as processing, transport, and degradation [28, 
31], Genetic control by metabolite-sensing mRNAs has 
also been recently extended to eukaryotes [32]. 

Bacterial riboswitches are typically positioned within 
the 5 -untranslated region of the mRNA under control. 
Riboswitches are composed of a ligand binding ap- 
tamer domain and an expression platform that inter- 
faces with RNA elements involved in gene expression. 
The natural aptamers, which are highly conserved within 
organisms and among domains of life, form indepen- 
dently folded modular units, whereas the expression 
platforms vary in sequence, topology, and mechanism. 
The riboswitches can adopt two distinct conforma- 
tions: the metabolite bound and metabolite-free folds, 
involving alternative base-pairing of the regulatory RNA 
region. If the specific ligand is present above the 
threshold concentration in the cell, it interacts with the 
aptamer domain and stabilizes the metabolite bound 
fold of the riboswitch, thereby preventing formation of 
the alternative conformation. This results in most cases 
in either stabilization or disruption of the regulatory 
hairpin within the expression platform, thereby influ- 
encing gene expression. The 70-1 70-nucleotide natural 
aptamer domains [29] are larger than their in vitro se- 
lected counterparts [9, 10], and the increased complex- 
ity and information content of the former may reflect 
their need to function as high-affinity and -selectivity 
RNA receptors. Indeed, the natural aptamers exhibit 
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binding affinities in the nM to low (jlM range, with the 
affinities decreasing from 10- to 100-fold on proceeding 
from the aptamer domain alone to the intact riboswitch. 
These numbers reflect the need for riboswitches to dy- 
namically and rapidly regulate gene expression in both 
a temporal and a spatial manner, while retaining the se- 
lectivity of the response to a specific subset of the or- 
ganism's genes. 

A search was undertaken to identify purine-sensing 
mRNAs by examining the regulatory mechanisms of 
purine metabolism. These efforts focused on the xpt- 
pbuX Bacillus subtilis operon {hereafter termed xpt) that 
encodes genes involved in guanine metabolism and is 
regulated by certain purines, such as guanine, hypo- 
xanthine, and xanthine [23]. A database search for evo- 
lutionary conservation within the 5'-UTR of xpt identified 
five transcriptional units with closely corresponding se- 
quences and predicted secondary folds, termed the 
G-box. This domain is composed of three stems (P1 , 
P2, and P3) connected by the junction, with significant 
conservation within the junction, hairpin loops (L2 and 
L3), and junctional P1 residues (Figure 1A; shown in 
red; left panel). In addition, the optimal lengths of stems 
P2 and P3 are 7 and 6 bp, respectively, and the match- 
ing sequences of the hairpin loops of L2 and L3 could 
allow potential pseudoknot formation [23]. An "in-line" 
probing assay, based on the patterns of spontaneous 
RNA cleavage, was used to establish that a 93-mer 
G-box xpt mRNA construct underwent a pronounced 
conformational transition on addition of guanine [23]. 
Guanine bound this RNA with approximately 5 nM affin- 
ity and reduced spontaneous cleavage throughout the 
junctional segment. Hypoxanthine and xanthine bound 
the xpt mRNA with 10-fold reduced affinity, whereas 
adenine binding was reduced by six orders of magni- 
tude. Further, substantial loss of binding affinity was 
associated after alteration of every functional group on 
the guanine ring, suggesting that the guanine is com- 
pletely encapsulated within the RNA fold in the com- 
plex [23]. 

It has been recently demonstrated that the ydhL 
gene, encoding for the putative purine efflux pump of 
B. subtilis, and the add gene, encoding for adenine de- 
aminase from Clostridium perfringens and Vibrio vulnif- 
icus, harbor mRNA elements that sense adenine [24]. 
The secondary structure of the aptamer domain of the 
ydhL adenine-sensing mRNA (Figure 1 B) is very similar 
to its xpt guanine-sensing mRNA counterpart. The ydhL 
mRNA binds most tightly to 2,6-diaminopurine (1 0 nM 
affinity) and less tightly (300 nM affinity) to adenine and 
2-aminopurine. It also discriminates against guanine 
(>1 0,000 nM affinity) and purine (30,000 nM affinity). 
The guanine-sensing xpt and adenine-sensing ydhL 
mRNAs differ within the junction-connecting regions of 
their aptamer folds at three positions [24]. Two of these 
occur at positions that are known to be variable and 
are unlikely to influence ligand recognition. The third 
difference occurs at position 74, which is C in the gua- 
nine-sensing xpt mRNA and U in the adenine-sensing 
ydhL mRNA. Replacing this C with U in the xpf RNA 
alters its specificity from guanine to adenine; replacing 
the corresponding U with a C in the ydhL RNA alters its 
specificity from adenine to guanine [24]. Thus, remarka- 
bly, single-nucleotide substitutions can be used to in- 



terchange the guanine/adenine specificities within the 
aptamer domains. 

Riboswitches appear to control gene expression by 
metabolite-modulated aliosteric interconversions be- 
tween alternate base-paired structures. The adaptive 
conformational transitions associated with metabolite 
binding to the aptamer domains are then harnessed 
through the expression platform. The xpt G-riboswitch 
has been shown to control gene expression through 
transcriptional termination [23]. Thus, the mRNA forms 
an antiterminator in the absence of guanine, thereby 
allowing RNA transcription elongation to proceed to 
completion (Figure 1A, right panel). The presence of 
guanine results in stabilization of the aptamer domain, 
thereby facilitating terminator formation and shutting 
down transcription (Figure 1A, left panel). In contrast, 
the ydhL A-riboswitch has been shown to control gene 
expression through transcriptional activation [24]. This 
mRNA forms a terminator in the absence of adenine 
(Figure 1B, right panel) but an antiterminator in the 
presence of adenine (Figure 1B, left panel). The add 
A-riboswitch does not have a stretch of uridines char- 
acteristic of transcriptional terminators but rather con- 
tains nonpaired Shine-Dalgarno GAA and initiation codon 
sequences, immediately downstream of the aptamer 
domain. Such sequences are likely to control gene ex- 
pression through translational activation, whereby the 
Shine-Dalgarno and initiation codon sequences (both 
shaded in orange) are sequestered through pairing in- 
teractions in the absence of adenine (Figure 1 C, right 
panel). The presence of adenine results in stabilization 
of the aptamer fold, thereby releasing these segments 
(Figure 1C, left panel) for interaction with ribosomal 
RNA and tRNA, resulting in initiation of translation. 
These results establish that the same mRNA aptamer 
fold can facilitate transcriptional termination and acti- 
vation on the one hand and translational activation on 
the other, depending on the composition of the expres- 
sion platform. 

We now report the crystal structures of adenine 
bound to the aptamer domain of the adenine-sensing 
add mRNA and guanine bound to the aptamer domain 
of the guanine-sensing xpt mRNA. Our successful 
structure determination highlights the molecular prin- 
ciples by which a single nucleotide is capable of alter- 
ing binding specificity [23, 24] and thereby switching 
gene expression patterns. Our structures complement 
the results in a just-published paper by Robert Batey 
and coworkers on the crystal structure of a natural gua- 
nine-responsive riboswitch complexed with the metab- 
olite hypoxanthine [33]. 

Results 

Adenine- and Guanine-Riboswitch Complexes 
Our structural studies were initially undertaken on the 
adenine-sensing B. subtilis ydhL and V. vulnificus add 
mRNA aptamer domains and the guanine-sensing B. 
subtilis xpt mRNA aptamer domain. The well-established 
6. subtilis xpt G-riboswitch and the ydhL A-riboswitch dif- 
fer in over 20 nucleotide positions spanning the aptamer 
domain and are significantly different in the expression 
platform sequences, leading to either repression or ac- 
tivation of transcription, respectively (Figures 1 A and 



Structures of Purine Riboswitches 




ydhL A-riboswitch Transcription antitermination "».! 
u c ss Terminator J;" 

J£* Antitermlnator '""J « K J A c aIJ"" ! 




Figure 1 . Mechanisms for Regulation of Gene Expression by Purine Riboswitches 

(A) Schematic showing control of gene expression by the xpt G-riboswitch through transcriptional termination [23]. Highly conserved residues 
in the G-box of the aptamer domain are marked in red. 

(B) Gene expression regulation by the ydhL A-riboswitch through disruption of the terminator hairpin [24]. 

(C) Control of gene expression by the acfd A-riboswitch most likely through translation^ activation. The Shine-Dalgarno GAA sequence and 



1 B). Even though there are only a few differences be- 
tween the adenine-sensing aptamer domains of the 
V. vulnificus add and 6. subtilis ydhL A-riboswitches, 
their expression platforms are quite distinct, such that 



the former likely activates translation rather than tran- 
scription (Figure 1 C). 

We were only successful in growing diffraction qual- 
ity crystals of adenine bound to the 71 -mer adenine- 
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Figure 2. Sequence and Stem Secondary 
Structures of Aptamer Domains of Purine- 
Sensing mRNAs 

(A) V. vulnificus 71 -mer add A-riboswitch; (B) 
B. subtilis 68-merxpf G-riboswftch. The color- 
coding scheme is as follows: Stems P1 , P2, 
and P3 are green, yellow, and blue, respec- 
tively. Loops L2 and L3 are yellow and blue, 
respectively. Junction-connecting segments 
J1-2, J2-3, and J3-1 are cyan, orange, and 
violet, respectively. The specificity-determin- 
ing pyrimidine residue at position 74 is high- 
lighted with a larger lettering size. The bound 
adenine and guanine ligands are indicated in 
red lettering. Tertiary pairing alignments in- 
volving Watson-Crick and noncanonical base 
pairs are shown by full and dashed lines, re- 
spectively. The shaded regions in (B) high- 
light differences between the A- and G-ribo- 
switches. 



xpt G-riboswitch 



sensing add mRNA aptamer domain (hereafter desig- 
nated A-riboswitch; Figure 2A) and guanine bound to 
the 68-mer guanine-sensing xpt mRNA aptamer do- 
main (designated G-riboswitch; Figure 2B). We have 
adopted a simple nomenclature and color identification 
scheme for the aptamer domains, as outlined in the leg- 
end to Figure 2. Because the 5' end of the add A-ribo- 
switch was not experimentally determined, we have 
kept the xpt G-riboswitch numbering for both ribo- 
switches. 

Complex Formation Monitored by NMR 
We have prepared the riboswitch RNAs by in vitro tran- 
scription and have incorporated a hammerhead ribo- 
zyme at the 3' end to facilitate preparation of homogen- 
eous transcripts. Binding of the ligand adenine and 
guanine to A- and G-riboswitches, respectively, has 
been monitored by nuclear magnetic resonance (NMR) 
spectroscopy. The imino proton NMR spectra (10.5- 
1 4.5 ppm) of the riboswitches in the absence and pres- 



ence of one equivalent of bound ligand in 50 mM potas- 
sium acetate buffer (pH 6.8) are plotted in Figure 3. We 
observe exceptionally well-resolved imino proton (gua- 
nine N 1 H and uridine N 3 H) NMR spectra for both com- 
plexes (Figures 3B and 3D), consistent with formation 
of a single folded species in solution. Note the pres- 
ence of new imino proton resonances between 1 3 and 
14 ppm and between 10 and 11 ppm in these spectra. 
Low physiological concentration of Mg (2 mM) was re- 
quired to drive complex formation to completion. In ad- 
dition, exchange between free and bound states is slow 
on the NMR time scale, as reflected in doubling of reso- 
nances from free and bound imino protons that were 
observed on addition of substoichiometric (0.5 equiva- 
lents) of added adenine or guanine, characteristic of 
tight complex formation. 

We have also investigated the binding of adenine and 
its analogs to the aptamer domain of the adenine-sens- 
ing ydhL mRNA. The imino proton spectra establish 
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Figure 3. Imino Proton NMR Spectra of Purine Binding to Aptamer Domains of Purine Riboswitches 

Imino proton NMR spectra (10-15 ppm) of the 71 -mer add A-riboswitch in the absence (A) and presence (B) of one equivalent of adenine and 
of the 69-mer (with GGC and GUC sequences on the 5' and 3' ends, respectively) xpt G-riboswitch in the absence (C) and presence (D) of 
one equivalent of guanine. The spectra were recorded in 50 mM potassium acetate (pH 6.8) at 25°C. For both riboswitches, 2 mM Mg was 
added to drive complex formation to completion. 



that this A-riboswitch forms 1 :1 tight complexes not 
only with adenine, but also with 2-aminopurine and 2,6- 
diaminopurine (see Figure S1 in the Supplemental Data 
available with this article online). Complex formation is 
in slow exchange, with similar additional imino proton 
markers, characteristic of the bound state, observed in 
all three complexes. 

Crystallization and Structure Determination 
Despite sequence similarities, crystals of the A-ribo- 
switch-adenine and G-riboswitch-guanine complexes 
were obtained under very different conditions. Crystals 
of the A-riboswitch complex were grown under high 
(200 mM) Mg concentration, pH 9.0 buffer, whereas the 
crystals of the G-riboswitch complex were grown under 
lower (20 mM) Mg concentration, pH 5.2 buffer. The 
A-riboswitch complex crystals belonged to space 
group P2,2,2 and diffracted to 2.1 A, whereas the crys- 
tals of the G-riboswitch complex belonged to space 
group C222, and diffracted to 2.4 A resolution. 

We first solved the structure of the A-riboswitch-ade- 
nine complex. The native crystals of this complex were 
soaked in 60 mM BaCI 2 solution, and the structure was 
determined by using the anomalous properties of Ba to 
solve the phase problem (see Experimental Procedures 
for details). The structure contains all RNA residues, 5 
Mg cations, and 66 water molecules in the asymmetric 
unit and was refined to final R-factor/R-free values of 
23.1/29.7 (Table S1). The G-riboswitch-guanine com- 
plex structure was solved by molecular replacement 
with the structure of the A-riboswitch-adenine complex 
as a model. In addition to RNA residues, the structure 
contains 18 water molecules per RNA molecule and 



was refined to final R-factor/R-free values of 23.2/26.4 
(Table S1). 

add A-Riboswitch-Adenine Complex Structure 
Overall Topology 

The adenine bound A-riboswitch complex adopts a 
tuning fork-like compact fold (schematic in Figure 4A; 
structures in Figures 4B and 4C), where stem P1 forms 
the handle of the tuning fork, and stems P2 and P3, 
which form the prongs, are aligned parallel to each 
other and anchored at the tips through extensive in- 
teraction between their hairpin loops 12 and L3. The 
central internal bubble zippers up through stacked 
base triple alignments between the three junction-con- 
necting segments, J1 -2, J2-3, and J3-1 , and two junc- 
tional base pairs of stem P1 , thereby generating an ad- 
enine-sensing pocket within the resulting core segment 
of the RNA scaffold. 
Zippering Up of Internal Bubble 
The junctional bubble of the A-riboswitch contains tri- 
nucleotide J1 -2, octanucleotide J2-3, and dinucleotide 
J3-1 junction-connecting segments (Figure 2A). Align- 
ment of residues from all three junction-connecting 
segments on complex formation with adenine results in 
formation of a central core scaffold centered about the 
adenine binding site (stereo view in Figure 5A). Two tri- 
ples, A23«(G46-C53) and water-mediated A73«(A52- 
U22), involving residues from J1 -2, J2-3, and J3-1 , are 
located above the adenine binding site, with adenines 
A23 and A73 positioned in the minor groove of their 
respective Watson-Crick base pairs (Figure 5B). Two 
additional triples, C50»(U75-A21 ) and U49»(A76-U20), 
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Figure 4. Schematic and Structure of the A-Riboswitch-Adenine Complex 

(A) Schematic highlighting tertiary interactions in the folded structure of the A-riboswitch-adenine complex. The color-coding is as outlined 
in the caption to Figure 2. 

(B and C) Ribbon representations (rotated by 90° along the vertical axis) of the A-riboswitch-adenine complex with the same coior-coding 
scheme. The bound adenine is shown in red in a stick representation. Four of the five hydrated Mg cations are shown as dotted surfaces 
(remaining Mg is involved in packing interactions). 



involving residues in J2-3 and junctional base pairs of 
stem P1 , are located below the adenine binding site, 
with C50 and U49 also positioned in the minor groove 
of their respective Watson-Crick base pairs. Finally, ad- 
enine recognition occurs through formation of a U51 • 
(adenine-U74) triple, involving residues in J2-3 and 
J3-1, with U51 positioned in the minor groove of its 
Watson-Crick base pair. The stacking patterns of the 
adenine-containing U51 •(adenine-U74) triple with the 
flanking A73»(A52-U22) and C50»(U75-A21) triples are 
shown in Figures 5C and 5D, respectively. Thus, the 
compact core is composed of a five-tiered triplex with 
extensive base stacking between tiers. Among the re- 
maining J2-3 residues, U47 is positioned in the groove 
and pairs with the bound adenine and U51, whereas 
U48 is directed outwards from the stacked base triple 
architecture. 

Kissing Interaction between Hairpin Loops 
Hairpin loops L2 and L3, each of which contains seven 
nucleotides, are anchored together through formation 
of 5 bp in the structure of the A-riboswitch-adenine 
complex (Figures 6A and 6B). Two of these pairs, G38- 
C60 and G37-C61 , are aligned through Watson-Crick 
pairing (Figure 6C), and three others form noncanonical 
pairs [34, 35]. The latter include the trans U34»A65, 
trans A33»A66 pair and trans A35»A64 pairs, with pair- 
ing alignments shown in Figure 6C. In addition, further 
alignment amongst the pairs results in formation of the 



A33«A66»C60-G38 tetrad (Figure 6E) and the U34» 
A65«C61-G37 tetrad (Figure 6D) platforms, thereby ad- 
ditionally anchoring the kissing interaction between the 
hairpin loops. Among the remaining loop bases, G32 is 
stacked between A33 and the U31 »U39 junctional pair 
of P2, U36 is directed outwards from the stacked array 
of kissing loop interactions, and U62 and U63 form the 
tip of the kissing loop scaffold, with U62 stacked over 
the A35»A64 pair (Figure 6C). The extensive kissing in- 
teraction between hairpin loops results in a parallel 
alignment of stems P2 and P3. 
Adenine Recognition Specificity 
The bound adenine moiety in the add A-riboswitch 
complex is held in position through formation of direct 
hydrogen bonds with three base edges and a sugar 
2'-OH group (Figure 7A). The N 1 and N 6 H 2 atoms posi- 
tioned along the Watson-Crick edge of the bound ade- 
nine form a pair of hydrogen bonds with the Watson- 
Crick edge of U74 of J3-1 . The N 3 and N 9 H atoms 
positioned along the minor groove edge of the bound 
adenine form a pair of hydrogen bonds with the Wat- 
son-Crick base edge of U51 of J2-3, with N 9 H also 
forming a hydrogen bond to O 2 of U47 of J2-3. The N 7 
atom positioned along the major groove edge of the 
bound adenine forms a hydrogen bond with the 2' -OH 
of U22 of J1-2. Thus, all heteroatoms along the periph- 
ery of the bound adenine ring are recognized through 
hydrogen bond formation with residues from junction- 
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Figure 5. Details of the Tertiary Interactions 
within the Zippered Up Junctional Bubble in 
the Structure of the A-Riboswitch-Adenine 

(A) Stereo pair of the junction-connecting 
J1 -2, J2-3, and J-31 segments and two junc- 
tional stem P1 base pairs that constitute the 
core of the complex and include the adenine 
binding site. The color-coding is the same as 
in the caption to Figure 2, with the bound 



ic of the tertiary interactions in- 
volving a five-tiered arrangement of base tri- 
ples. Individual base triples are boxed, and 
their pairing alignments (together with as- 
signments) are shown on either side and 
above the schematic. Water molecule (w) is 
shown as a green ball. Hydrogen bonds are 
indicated by dotted lines. 

(C) Stacking of the A73»(A52-U22) triple over 
the shaded U51 •(adenine-U74) recognition 
triple. 

(D) Stacking of the shaded U51 •(adenine- 
U74) recognition triple over the C50«(U75- 
A21) triple. In (C) and (D), hydrated Mg ions, 

e solvent-accessible sur- 



ball-and-stick representation. 



connecting J1-2, J2-3, and J3-1 segments. Because 
the U51 »(adenine-U74) base triple is sandwiched be- 
tween the water-mediated A73«(A52-U22) and C50» 
(U75-A21) base triples (Figure 5A), the bound adenine 
is completely surrounded by RNA, both along its pe- 
riphery and above and below its base plane. 
Divalent Cation Binding Sites 

We observe five hydrated Mg binding sites in the 
A-riboswitch-adenine complex, one of which is on the 
surface and is involved in packing interactions. The re- 
maining four Mg sites are positioned deep within 
grooves, primarily involving the junction-connecting 
segments in the core of the fold (Figures 4B and 4C). 
Mg1 and Mg4 are positioned within a deep groove 
made up of segments of J2-3 and the beginning of helix 
P2, and Mg2 and Mg5 are positioned within a deep 
groove made up of segments of J1-2, J3-1, and the 
beginning of helix P3. Hydrated Mg1 and Mg5 are clos- 
est to the adenine binding pocket (Figures 5C and 5D), 
with Mg5 located within hydrogen bonding distance of 



the N 6 position of the bound adenine and thereby con- 
tributing to the locking-up of the binding pocket. 

xpt G-Riboswitch-Guanine Complex Structure 
Overall Topology and Tertiary Interactions 
The global structure of the G-riboswitch-guanine com- 
plex is very similar to the global structure of the A-ribo- 
switch-adenine complex (Figure 4). The same tertiary 
interactions hold the central core and kissing hairpins, 
and the purine binding pocket is sculptured by the 
same residue positions in both complexes. Because 
U62 in the A-riboswitch is replaced by G in the G-ribo- 
switch (Figure 2), we observed formation of a G62»U63 
base platform stabilized by a single hydrogen bond in 
the G-riboswitch. 
Guanine Recognition Specificity 
The bound guanine moiety in the G-riboswitch complex 
is held in position through the same set of hydrogen- 
bonding interactions observed for the bound adenine 
in the A-riboswitch (Figure 7), except that U74 in the 
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A-riboswitch is replaced by C74 in the G-riboswitch. 
Thus, pyrimidine 74 is the specificity-determining resi- 
due in purine-sensing mRNAs. It aligns through Wat- 
son-Crick adenine-U74 pairing in the A-riboswitch and 
Watson-Crick guanine-C74 pairing in the G-riboswitch, 
as proposed earlier from mutagenesis data [24]. 

Discussion 

Our research efforts address structural and functional 
issues related to folding and recognition by RNA-regu- 
latory scaffolds associated with in vivo RNA aptamer 
modules. The primary challenge has been to under- 
stand the molecular recognition rules that govern li- 
gand-mediated adaptive conformational transitions on 
RNA scaffolds that affect function. These principles un- 



derlie determinants of affinity and specificity, as well as 
global topology and allosteric transitions, thereby pro- 
viding mechanistic insights into recognition processes 
associated with biological function. 

Adaptive Conformational Transition 
on Complex Formation 

The NMR results establish that the A-riboswitch binds 
adenine and G-riboswitch binds guanine selectively 
with 1:1 stoichiometry, with both complexes formed 
with high affinity (slow exchange on the NMR time 
scale). Complex formation occurs in the absence of di- 
valent ions, but low (2 mM) Mg concentration was re- 
quired to drive complex formation to completion. 

We observe a large number of additional imino pro- 
tons on proceeding from the free to the bound states of 
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Figure 7. Recognition of Bound Purines in Purine Riboswitches 

(A) Hydrogen-bonding alignments to bound adenine in the A-ribo- 
switch. The bound adenine forms a Watson-Crick pair with U74. 

(B) Hydrogen-bonding alignments to bound guanine in the G-ribo- 
switch. The bound guanine forms a Watson-Crick pair with C74. 
Hydrogen bonds involving 2' -OH of U22 and base edges of U47 
and U51 are common to both riboswitches. Oxygen, nitrogen, and 
phosphorus atoms are shown, respectively, as red, blue, and yel- 
low balls. 



the A- and G-riboswitches (Figure 3). These additional 
imino protons on complex formation are detected in the 
13.0-14.0 ppm region characteristic of imino protons 
involved in N-H«N hydrogen bonds and in the 10.0- 
11.0 ppm region characteristic of imino protons in- 
volved in N-H«0 hydrogen bonds and/or those 
shielded from solvent. These results are indicative of 
stabilization of flexible regions within the riboswitches 
on ligand binding associated with an adaptive confor- 
mational transition, which results in a more compact 
tertiary fold on complex formation. These findings are 
consistent with the biochemical data published pre- 
viously that indicated substantial structural stabiliza- 
tion of the highly conserved core of the aptamers [23, 
24]. 

Global Architecture of Purine-Riboswitch Scaffolds 
Both the A-riboswitch-adenine complex and the G-ribo- 
switch-guanine complex adopt similar global scaffolds. 



The tuning-fork architecture of the three helical stems 
is achieved by the kissing interactions between hairpin 
loops L2 and L3, which forces stems P2 and P3 (the 
prongs of the tuning fork) to align in a parallel arrange- 
ment. The tuning fork architecture of the stems in turn 
defines the relative positioning of the junctional Wat- 
son-Crick base pairs A21-U75 of stem P1, U25-A45 of 
stem P2, and C54-G72 of stem P3. These base pairs 
serve as bookends bracketing the base triple interac- 
tions involving residues in J1-2, J2-3, and J3-1 junc- 
tion-connecting segments that form the core of the ar- 
chitecture and are involved in the generation of the 
ligand binding pocket. It is striking that both riboswitch 
complexes adopt the same tertiary architectures de- 
spite different crystal packing interactions, pH, and Mg 
crystallization conditions. 



Generation of a Central Core 

A remarkable feature of the ligand bound A- and G-ribo- 
switch scaffolds is the formation of a junctional core 
involving five stacked triples, with the bound purine 
constituting an integral part of the central triple. All five 
triples exhibit a common theme, in which the third base 
is positioned in the minor groove of a Watson-Crick 
base pair (Figure 5B) and is aligned with either the mi- 
nor groove edge and/or sugar 2-hydroxyl group, sim- 
ilar to what has been reported for a RNA pseudoknot 
scaffold [36], the P4-P5-P6 domain of the group I intron 
[37], and a vitamin B 12 -RNA aptamer complex [38]. It 
has been previously documented that this A-minor in- 
teraction strongly prefers Watson-Crick pairs over their 
noncanonical counterparts [37, 39] and that this plays 
a critical role in the specificity of RNA-RNA helix re- 
cognition [40]. 

There is a high degree of conservation of residues in 
the J1-2, J2-3, and J3-1 junction-connecting segments 
and the two junctional base pairs of stem P1 amongst 
the sequences of the purine-sensing mRNAs [24]. This 
conservation reflects the key roles these residues play 
in forming the stacked base triples array that defines 
the central core. Residue conservation is not main- 
tained at position 24 in J1 -2, position 48 in J2-3, and 
position 73 in J3-1 , with the structures providing ratio- 
nal explanations for these observations. The central 
core architecture is anchored in place through forma- 
tion of an A23-A24 platform [41], in which A23 and A24 
are splayed out in the same plane, with A24 intercalat- 
ing between an extended G72-A73 step. Thus, A24 acts 
as a spacer, while U48 loops out of the core scaffold. 
Residue A73 forms a water-mediated triple with the 
Watson-Crick A52-U22 pair (Figure 5B), and in the ab- 
sence of direct interactions, the alignment is consistent 
with nonconservation of A at this position. 

It is noteworthy that the junctional Watson-Crick A21 - 
U75 and U20-A76 base pairs in stem P1 are highly con- 
served in the purine-riboswitches. This is now readily 
explainable because these base pairs are involved in 
C50»(U75-A21) and U49»(A76«U20) triple formation, 
with the former triple serving as the platform for stack- 
ing of the recognition triple. In contrast, the sequences 
of the remaining stem segments appear not to be im- 
portant for riboswitch function. 
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Stitching Together the Ends 

It was correctly anticipated that loops L2 and L3, given 
their complementary sequences, would pair with each 
other [23, 24]. Nevertheless, formation of two distinct 
types of trans A»A pairs and one trans A»U noncanoni- 
cal pair was unexpected, as was their further alignment 
together with two tertiary Watson-Crick base pairs to 
form an adjacent pair of stacked mixed-tetrad align- 
ments. Mixed tetrads have been reported previously in 
the structure of a viral pseudoknot [36] and facilitate 
the generation of a compact and maximally aligned 
kissing loop scaffold. The majority of the bases of loops 
L2 and L3 are involved in pairing between loops, and 
some of the remaining loop residues play distinct archi- 
tectural roles. Hence, G32 is stacked into the scaffold 
as a spacer element, whereas U62 and U63 cap the 
interacting loop ends, and only U36 is looped out of the 
kissing scaffold. 

The structure of the complex readily explains why the 
lengths of stems P2 (7 bp) and P3 (6 bp) are conserved. 
The observed lengths of stems P2 and P3 appear to be 
optimal for facilitating the observed kissing loop inter- 
actions. Such an establishment of distance and orien- 
tation constraints of stem-loop sequences P2-L2 and 
P3-L3 relative to the three-stem junction emphasizes 
the importance of peripheral tertiary kissing interac- 
tions in sculpting the topology of the ligand binding 
pocket, despite the large distance separating these 
two motifs. 

Pyrimidine 74 as a Specificity Determinant 
A systematic comparison between the A- and G-ribo- 
switch sequences correctly led to the prediction that 
pyrimidine residue 74 is the key specificity determinant 
[24]. Thus, it was predicted that bound adenine would 
pair with U74 in the sequence of the A-riboswitch and 
that bound guanine would pair with C74 in the se- 
quence of the G-riboswitch, presumably in each case 
through Watson-Crick pairing. Such an alignment 
would explain why the A-riboswitch containing U74 
binds adenine and discriminates against guanine by 
greater than four orders of magnitude [24] and why the 
G-riboswitch containing C74 binds guanine and 
discriminates against adenine by six orders of magni- 
tude [23]. Indeed, an A-riboswitch can be changed to a 
G-riboswitch simply by converting U74 to C74, and a 
G-riboswitch can be changed to an A-riboswitch by 
converting C74 to U74 [24]. 

Our structures of the A-riboswitch-adenine complex 
and the G-riboswitch-guanine complex indeed identify 
a Watson-Crick adenine-U74 alignment in the former 
complex compared to a Watson-Crick guanine-C74 
alignment in the latter complex (Figure 7). These struc- 
tures unambiguously demonstrate that the identity of a 
single nucleotide out of approximately 70 residues is 
sufficient for switching the specificity of a purine-sens- 
ing mRNA. 

Purine Binding Pocket 

Both adenine and guanine in their respective riboswitch 
complexes are completely surrounded by their com- 
mon RNA scaffolds. Thus, constrained folding of junc- 
tion-connecting segments juxtaposes structural ele- 
ments to create a complementary surface for molecular 
recognition and discrimination against closely related 



analogs. Three pyrimidine rings and a sugar ring that 
line the binding cavity target the base edges of the 
bound adenine and guanine. Two of these pyrimidines, 
U47 and U51 from J2-3, are common to both com- 
plexes, and their Watson-Crick base edges align with 
the N 3 -N 9 H minor groove edge of both bound adenine 
and guanine (Figure 7). The 2 -OH group on the sugar 
ring of U22 from J1 -2 targets the N 7 of both adenine 
and guanine in both complexes. The specificity deter- 
minant residue is located at pyrimidine 74, with U74 
and C74 targeting the Watson-Crick edge of bound ad- 
enine and guanine, respectively. It should be noted that 
both amino protons of the bound guanine are hydrogen 
bonded, consistent with a pronounced loss of binding 
affinity on substitution of guanine ligand by N-methyl- 
guanine [24]. 

The recognition base triples involving bound adenine 
or guanine are sandwiched between the A73»(A52-U22) 
and C50«(U75-A21) base triples (Figure 5A). The bound 
adenine or guanine was found to stack over both flank- 
ing triples (Figures 5C and Figures 5D). Such stacking 
interactions of planar purines sandwiched between 
base triple platforms have been previously reported for 
in vitro selected RNA aptamer complexes with bound 
planar ligands. 

The bound purine ring systems are surrounded by 
RNA along their periphery as well as above and below 
their planar ring systems. Such an encapsulated re- 
cognition architecture readily explains why every func- 
tionalized position on the adenine/guanine heterocycle, 
even for closely related analogs, results in a substantial 
loss in binding affinity [23, 24]. The dramatic decrease 
in the majority of the analog binding affinities can be 
attributed to disruption of intermolecular hydrogen 
bonding interactions, and the remainder can be attrib- 
uted to the consequences of steric occlusion. 

Comparison of Adenine, Guanine, and Hypoxanthine 
Bound Riboswitches 

The crystal structure of the hypoxanthine bound ribo- 
switch [33] and our crystal structures of the adenine 
bound and guanine bound riboswitches are in excellent 
agreement. The crystallographic phases of the hypo- 
xanthine complex were obtained through anomalous 
scattering of Co(NH 3 ) 6 , whereas the phases in our 
structure of the adenine complex were solved through 
anomalous scattering properties of BaCI 2 . Hypoxan- 
thine lacks the 2-amino group present in guanine, and, 
hence, the crystal structure of the hypoxanthine bound 
G-riboswitch [33] differs from its guanine bound G-ribo- 
switch counterpart in the absence of two hydrogen 
bonds associated with 2-amino group recognition. The 
uniqueness of our contribution comparing the struc- 
tures of bound A- and G-riboswitches reflects our abil- 
ity to definitively establish the recognition principles by 
which a single specificity-determining residue permits 
discrimination between closely related metabolites. 

Divalent Cation-Mediated Stabilization 
There is ample documentation in the RNA literature that 
Mg cations can mediate interactions between struc- 
tural domains, especially in regions where different seg- 
ments of the phosphodiester backbone are brought in 
close proximity [42-44]. Such a stabilization effect of 
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bound Mg cations is also observed in the crystal struc- 
ture of the A-riboswitch-adenine complex (Figures 4B 
and Figures 4C) for crystals grown under high (200 mM) 
Mg concentration. In this structure, four Mg cations are 
positioned deep in grooves formed by junction-con- 
necting segments in the core of the complex. 

We have not been able to detect any bound hydrated 
Mg cations in the crystal structure of the G-riboswitch- 
guanine complex for crystals grown under lower (20 
mM) Mg concentration. Our imino proton NMR spectra 
indicate that complex formation can occur in the ab- 
sence of added Mg, but adding 2 mM Mg drives com- 
plex formation to completion. 

Significance 

Riboswitches are an important form of genetic con- 
trol in certain bacteria, where they modulate the 
expression of numerous metabolic and transport pro- 
teins. Each riboswitch class carries a distinctive se- 
quence and structure that is highly conserved among 
the organisms that use this form of regulatory sys- 
tem. With X-ray crystallography, we have determined 
high-resolution structures of the related purine-spe- 
cific riboswitches that selectively bind adenine or 
guanine, complementing a parallel structure determi- 
nation of a hypoxanthine bound riboswitch [33]. Al- 
though the A- and G-riboswitches only share 60% se- 
quence identity, they form nearly identical binding 
pockets for their corresponding ligands. A single nu- 
cleotide within the core forms a Watson-Crick base 
pair with the ligand and, thus, serves as the main se- 
lectivity determinant between these two natural li- 
gands. The structures of the A- and G-riboswitches 
bound to their respective ligands establish RNA's 
ability to utilize A-minor motifs and base tetrads to facil- 
itate folding of junctional architectures and thereby 
generate occluded binding pockets. Such scaffolds 
provide the infrastructure for targeting and discrimina- 
tion between closely related metabolites, on the basis 
of precise hydrogen bonding and shape complemen- 
tarity. In addition, the kissing interaction between the 
hairpin loops in the purine-riboswitch appears to be 
critical for both global scaffold formation and binding 
pocket architecture and thereby mediates long-range 
effects on ligand binding and release. 

Experimental Procedures 

RNA Preparation 

The DNA fragments for riboswitch production were prepared by 
the annealing of chemically synthesized oligonucleotides. The DNA 
fragments were placed under control of the T7 promoter by cloning 
into Stul and Hindlll sites of the pUT7 vector [45]. The add and 
xpt mRNAs were synthesized by in vitro transcription with T7 RNA 
polymerase with linearized plasmid DNA as templates. Self-cleav- 
ing hammerhead ribozyme sequence was added at the 3 '-end of 
each RNA for subsequent cleavage to ensure length homogeneity. 
Purification of the transcripts was performed on 15% denaturing 
gels and was followed by cation exchange chromatography on 
MonoQ column (Amersham) and ethanol precipitation. 

Complex Formation and Crystallization 

The add A-riboswitch-adenine complex was prepared at 0.7 mM 
concentration in 50 mM potassium acetate buffer (pH 6.8) in the 
presence of 2 mM MgCI 2 . Because of the low solubility of guanine, 
the xpf G-riboswitch-guanine complex was first prepared at 10 m-M 



concentration and then lyophilized to reduce the volume 100-fold. 
Each sample was combined with the same volume of the reservoir 
solution, and crystals were grown by the hanging-drop vapor diffu- 
sion method. Reservoir solutions were: (1) A-riboswitch-adenine 
complex, 3 M 1 ,6-hexanediol, 0.1 M Tris-HCI (pH 9.0), and 200 mM 
MgCi 2 ; (2) G-riboswitch-guanine complex, 28% PEG400, 100 mM 
sodium citrate, 300 mM ammonium acetate (pH 5.2), 20 mM MgCI 2 , 
and 1 % spermine. Crystals of the complexes grew to a maximal 
size of 300 x 50 x 50 urn in approximately 7 days at +4°C. 

Structure Determination 

The barium derivative was obtained by soaking the A-riboswitch- 
adenine complex crystals in stabilizing solution supplemented with 
60 mM BaCI 2 for 3 days. Crystals were flash-frozen in liquid nitro- 
gen. The 2.7 A resolution native and 2.95 A resolution Ba-derivative 
data sets for the A-riboswitch-adenine complex were collected on 
the in-house Rigaku diffractometer at 1 .54 A wavelength. Other 
X-ray data (2.1 A A-riboswitch-adenine complex and 2.4 A G-ribo- 
switch-guanine complex) were collected at beamline X25 at the Na- 
tional Synchrotron Light Source (NSLS). Data were processed with 
HKL2000 (HKL Research, Charlottesville, VA). 

To determine the structure of the A-riboswitch-adenine complex, 
we first located six barium sites by single isomorphous replace- 
ment and anomalous scattering technique (SIRAS). The sites were 
found with SHELXD software [46] with the isomorphous 2.95 A de- 
rivative and 2.7 A native data. The position of the sites was refined 
with Mlphare [47]. The SIRAS phasing was performed with SHARP 
[48] and included the density modification procedure with SOLO- 
MON [49] assuming the optimized solvent content 40%. The initial 
model was built manually with the SIRAS electron density map and 
program O [50]. The model was then refined for the resolution 
range 20.0-2.1 A with the higher resolution 2.1 A native data set, 
as processed by CNS [51] and REFMAC [52] programs. Electron 
density was of sufficient quality to unambiguously interpret the en- 
tire structure except for the 5' -triphosphate and 3'-cyclic phos- 
phate. Data collection, phasing, and refinement statistics are listed 
in Table S1 . Adenine, hydrated Mg 2 * cations, and water molecules 
were added to the model at the final stage of the refinement on the 
basis of analysis of the 2Fo-Fc and the difference Fo-Fc electron 
density maps. 

The structure of the G-riboswitch-guanine complex was deter- 
mined by molecular replacement for the resolution range 10.0-4.0 
A with Molrep software [47] with the A-riboswitch-adenine complex 
structure as a search model. The model was refined with the 2.4 A 
resolution data set with protocols similar to those used to solve the 
A-riboswitch-adenine complex structure. The model contains all 
residues including 5' -triphosphate and 3' -cyclic phosphate. 

NMR Experiments 

Imino proton NMR spectra were recorded with Varian and Bruker 
NMR spectrometers at 25°C, with jump-and-return (JR) water sup- 
pression for detection [53]. The NMR sample conditions are listed 
in the caption to Figure 3. 

Graphics 

The figures were prepared with PyMOL (http://pymol.sourceforge. 
net/) and nuccyl (http://www.mssm.edu/students/jovinl02/research/ 
nuccyl.html) software. 



Supplemental Data 

Crystallographic data for the riboswitch-ligand complexes, as well 
as NMR spectra for the ydhL A-riboswitch bound to various li- 
gands, are available at http://www.chembiol.com/cgi/content/full/ 
11/1 2/1 729/DCV. 
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Coordinates for the 2.1 A complex of adenine bound to the ade- 
nine-sensing add mRNA and the 2.4 A complex of guanine bound 
to the guanine-sensing xpt mRNA have been deposited in the Pro- 
tein Data Bank under accession codes 1Y26 and 1Y27, respec- 
tively. 
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Riboswitches as versatile gene control elements 
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Riboswitches are structured elements typically found in the 
5' untranslated regions of mRNAs, where they regulate gene 
expression by binding to small metabolites. In all examples 
studied to date, these RNA control elements do not require the 
involvement of protein factors for metabolite binding. 
Riboswitches appear to be pervasive in eubacteria, suggesting 
that this form of regulation is an important mechanism by which 
metabolic genes are controlled. Recently discovered 
riboswitch classes have surprisingly complex mechanisms for 
regulating gene expression and new high-resolution structural 
models of these RNAs provide insight into the molecular details 
of metabolite recognition by natural RNA aptamers. 
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Introduction 

From microRNAs [1] to 'riboregulators' [2], one of the 
more salient concepts to have emerged from gene reg- 
ulation research over the past several years is that RNA 
frequently plays a more direct and intimate role in 
controlling gene expression than previously assumed 
[3,4]. It has long been known that differential folding 
of RNA plays a major role in transcriptional attenuation 
[5]. Other RNA-based regulatory mechanisms have sub- 
sequently been discovered, including pathways involving 
antisense [6] and tRNA-mRNA interactions [7], control 
of translation by temperature-dependent modulation of 
RNA structure [8-11] and the involvement of micro- 
RNAs as trans-acting genetic factors [1]. The frequency 
at which these discoveries have been occurring suggests 
an even greater role for RNA in cellular control processes. 
This already appears to be true of bacteria, as recent 
descriptions of gene control by riboswitches are revealing 
a pervasive system of RNA-mediated gene control 
[12-16]. 



Riboswitches are widespread in bacteria, with nine 
classes already reported, some of which describe pre- 
viously known conserved regulatory elements (e.g. [17- 
19]). The metabolites sensed by riboswitches are diverse, 
among them guanine [20], flavin mononucleotide (FMN) 
[21,22] and lysine [23*-25*]. One riboswitch class that 
binds thiamine pyrophosphate (TPP) [26] also has been 
found in plants and fungi [27*]. However, riboswitches 
that occur in eubacteria have been most extensively 
studied and this review will primarily focus on recent 
advances concerning bacterial representatives. For a more 
comprehensive overview of this research area, the reader 
is directed to several recent reviews [13-15,28-30]. 

Structural and functional domains of 
riboswitches 

Most riboswitches can be divided roughly into two struc- 
tural domains: an aptamer [31,32] and an expression 
platform (Figure 1) [26]. The aptamer domain is a highly 
folded structure that selectively binds to the target meta- 
bolite. The expression platform converts metabolite 
binding events into changes in gene expression by har- 
nessing changes in RNA folding that are brought about by 
ligand binding. It is the distinctive sequence and struc- 
tural features of each aptamer that are used to classify 
each new type of riboswitch. These metabolite-binding 
domains are conserved amongst widely divergent organ- 
isms, indicating that they have long persisted through 
evolution despite the fact that protein factors should have 
been strong competition for billions of years. In contrast, 
the sequences and structures that comprise each expres- 
sion platform vary considerably among different ribos- 
witch classes and also among representatives of the same 
riboswitch class, even when the regulatory mechanisms 
employed are similar [25*,26,33]. 

The genes controlled by riboswitches often encode pro- 
teins involved in the biosynthesis or transport of the 
metabolite being sensed [30]. Therefore, the riboswitch 
is used as a form of feedback inhibition, whereby binding 
of the metabolite to the riboswitch decreases the expres- 
sion of the gene products used to make the metabolite. In 
most instances, repression is accomplished either by 
terminating transcription to prevent the production of 
full-length mRNAs or by preventing translation initiation 
once a full-length mRNA has been made. For transcrip- 
tion control, an anti-terminator structure is formed in the 
absence of a bound metabolite. When a metabolite binds, 
a competing stem structure is formed that serves as an 
intrinsic transcription terminator [22,34,35]. For control 
of translation initiation, the bound aptamer precludes 
translation by rendering inaccessible the ribosome- 
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Common mechanisms of riboswitch gene control. Transcription control involves metabolite binding and stabilization of a specific conformation 
of the aptamer domain that precludes formation of a competing anti-terminator stem. This allows formation of a terminator stem, which 
prevents the full-length mRNA from being synthesized. In contrast, control of translation is accomplished by metabolite-induced structural 
changes that sequester the ribosome-binding site (RBS), thereby preventing the ribosome from binding to the mRNA. 



binding site or Shine-Dalgarno sequence (Figure 1) [26]. 
This mechanism is consistent with the observation that 
ribosomes do not bind to an mRNA carrying a coenzyme 
B ]2 riboswitch that controls gene expression at the level of 
translation [18]. 

The above descriptions of riboswitch architecture and 
function had represented the extent of what was known 
about the gene control mechanisms of riboswitches. 
However, research over the past year has revealed new 
riboswitch classes and some new mechanisms by which 
metabolite binding leads to changes in gene expression. 
Newly discovered riboswitches have deviated, in some 
cases surprisingly, from the more common regulatory 
mechanisms described previously. Moreover, new X- 
ray crystal structures have given us a first glimpse at 
the molecular details of riboswitches that, until recently, 
could only be inferred from biochemical data. 

New riboswitch classes 

In the past year, three newly confirmed riboswitch classes 
have been reported (Figure 2). In all three cases, differ- 
ences are observed compared to the prototypic riboswitch 
mechanisms described above. The first of these, an 
adenine-sensing riboswitch, is remarkably similar to a 
previously reported riboswitch that binds guanine 



[20,36*,37]. The guanine riboswitch had been shown to 
repress purine biosynthetic and salvage genes upon bind- 
ing directly to guanine [20,37]. However, certain RNA 
elements that conform almost perfectly to the consensus 
sequence and structure of guanine riboswitches were 
found in front of genes that were defined as coding for 
adenine deaminase enzymes or identified as encoding a 
purine efflux pump [37]. Additionally, these representa- 
tive RNA elements were distinguished by the presence of 
a uracil residue in place of an otherwise strictly conserved 
cytosine residue. 

This led to speculation that this single base change might 
alter ligand specificity. Specifically, if the cytosine (cor- 
responding to position 74 in constructs described below) 
forms a Watson-Crick base pair with guanine, then muta- 
tion to a uracil would change the ligand specificity to 
adenine. As predicted, representative riboswitches that 
carry this C— >U mutation are uniquely specific for ade- 
nine [36*,37]. 

Furthermore, these riboswitches activate the expression 
of a reporter gene in vivo upon the addition of adenine to 
cultured bacterial cells [36*]. In this case, it is believed 
that the transcription terminator stem is allowed to form 
only when the ligand-receptive fold of the aptamer is not 
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Recently characterized riboswitch classes, (a) Adenine riboswitch (ydhL). In contrast to previously characterized riboswitches, binding of 
adenine promotes rnRNA transcription by preventing formation of a terminator stem, (b) GlcN6P riboswitch tglmS). Binding of GlcN6P 
induces the riboswitch to self-cleave (site identified by arrow). RNA cleavage results in decreased gene expression through an unknown 
mechanism, (c) Glycine riboswitch igcvT). Binding of glycine allows rnRNA transcription using a mechanism similar to that of the adenine 
riboswitch. However, two glycine molecules are bound cooperatively to two aptamer domains (labeled I and II). The sequence that forms the 
terminator stem is shaded. 



formed (Figure 2a). This example of gene activation upon 
riboswitch-metabolite complex formation is quite rare. 
With all previously studied riboswitch mechanisms that 
control transcription termination, the terminator stem 
forms only when the aptamer is stabilized by metabolite 
binding [12]. Regardless of whether a riboswitch activates 
or deactivates gene expression upon ligand binding, they 
harness the same types of RNA folding changes. There- 
fore, the strong bias in favor of genetic 'OFF' switches is 
not due to any inherent limitations of RNA. Rather, this 
distribution of mechanisms most likely reflects the 
greater need that cells have for repressing metabolic gene 
expression when specific metabolites are in abundance. 

Additional riboswitch classes have been identified by a 
bioinformatics search using intergenic sequences from 
the genome of Bacillus subtilis [38]. The sequence of each 
intergenic region (IGR) from B. subtilis was compared to 
the IGR sequences of 90 other bacteria to identify highly 



conserved RNA elements. Eight RNA motifs with at least 
some characteristics that are suggestive of riboswitch 
function were identified. Of these candidates, two have 
subsequently been shown to be riboswitches. One of 
these riboswitches always occurs adjacent to the glmS 
gene, which encodes the enzyme glutamine-frucotse-6- 
phosphate amidotransferase. This enzyme produces glu- 
cosamine-6-phosphate (GlcN6P) and it is this compound 
that triggers riboswitch function. Interestingly, members 
of the GlcN6P class of riboswitch are also self-cleaving 
ribozymes that are activated when the sugar-phosphate 
compound is bound (Figure 2b) [39**]. Mutations that 
diminish or abolish ribozyme self-cleavage activity in vitro 
similarly cause a reduction or loss of gene regulation in 
vivo, which suggests that ribozyme self-cleavage activity 
is necessary for down-regulation of gene expression. The 
site of RNA cleavage is located upstream of the glmS open 
reading frame. Therefore it is not clear how cleavage 
activity causes a reduction of gene expression. One 
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possible explanation is that the truncated mRNA pro- 
duced by the cleavage event is subsequently targeted for 
degradation by RNases. 

Another riboswitch candidate identified by the bioinfor- 
matics effort described above has recently been shown to 
function as a glycine-dependent riboswitch [40**]. Gly- 
cine riboswitches are unique in that they possess two 
similar aptamer structures that reside adjacent to each 
other, separated only by a short conserved linker 
sequence (Figure 2c). In many instances, these structures 
are located upstream of genes encoding proteins that form 
the glycine cleavage system, which catalyzes the initial 
reactions for the use of glycine as an energy source. It was 
shown both in vitro and in vivo that the riboswitch from B. 
subtilis activates transcription upon exposure to glycine 
[40**]. Thus, like the adenine riboswitch described 
above, members of this class serve as a rare form of 
genetic 'ON' switch. 

The glycine riboswitch is remarkable for two other rea- 
sons. First, most glycine riboswitches carry two aptamers 
that each sense a ligand that has only ten atoms. Second, 
the two aptamers bind glycine cooperatively, such that 
ligand binding by one aptamer improves the binding 
affinity of the other by ~1000-fold and vice versa. This 
characteristic was demonstrated by conducting binding 
assays and in vitro transcription termination assays using 
constructs based on the riboswitch from Vibrio cholerae 
carrying either single or tandem aptamer configurations. 



For example, single and tandem aptamer constructs bind 
glycine with Hill coefficients of 0.97 and 1.64, respec- 
tively [40**]. Hill coefficients represent degrees of coop- 
erativity; values near 1 represent little or no cooperativity, 
whereas values greater than 1 represent positive coopera- 
tivity [41]. The Hill coefficient of 1.64 supports the 
hypothesis that the tandem aptamer construct binds 
two glycine molecules cooperatively to serve as a more 
digital genetic switch. Furthermore, the level of coopera- 
tivity exhibited by the two aptamers of this riboswitch is 
comparable to that exhibited by each domain of the 
tetrameric protein subunits of hemoglobin [42]. Glycine 
riboswitches are far more sensitive to small changes in 
metabolite concentration than riboswitches that carry 
single aptamers. This more sophisticated riboswitch 
design is most probably required by the cell to maximize 
the expression of glycine cleavage system proteins when 
excess glycine is present. Likewise, this cooperative 
riboswitch can rapidly turn off the expression of these 
proteins as glycine levels modestly decline to assure 
sufficient amounts of this amino acid are available for 
protein synthesis. 

High-resolution riboswitch structures 

Recently, three high-resolution structural models have 
detailed the structural basis of ligand recognition by 
purine-binding riboswitches (Figure 3a,b) [43**,44**]. 
One of these structures is the aptamer domain of the 
guanine riboswitch from the xpt-pbuX operon of B. subtilis 
[43**] (Figure 3a). The aptamer was crystallized in 
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Structural features of the purine-responsive riboswitch aptamers. Structures of (a) the guanine riboswitch aptamer (xpf-pouX) and (b) the 
adenine riboswitch aptamer (add) reveal a similar tertiary fold, despite only 59% sequence identity. Bound metabolites, hypoxanthine 
(Hpa) and adenine (Ade), respectively, are shown in red. Discrimination at the binding site of the guanine aptamer (c,d) and the adenine 
aptamer (e) results from the identity of nucleotide 74 (using the numbering system of the B. subtilis construct), which makes Watson-Crick 
hydrogen bonds to the appropriate metabolite. Nucleotides U22, U47 and U51 are colored orange, magenta and yellow, respectively. 
The oxygen and nitrogen atoms of the metabolite and nucleotide 74 are colored red and blue, respectively. 
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complex with hypoxanthine, a metabolite that is similar in 
structure to guanine, and has previously been shown to be 
bound by the riboswitch and to regulate gene expression 
[20,37,45]. In a similar study [44**], the same riboswitch 
was crystallized in complex with guanine. 

These structural models add new insight into how RNA 
molecules, either natural or engineered, selectively bind 
to nucleotide-like compounds [46-49]. Similarities exist 
between this model and the structures of engineered 
aptamers, particularly in the use of base triples to form 
the binding pocket and in the use of base stacking to 
stabilize the bound aptamer state [43**,44**,49]. A unique 
feature of the riboswitch structure is a novel loop-loop 
interaction that stably bridges two stems of the aptamer. 
Mutations of these loop sequences were known to elim- 
inate metabolite binding in vitro and this effect probably 
explains why the identities of these nucleotides are 
strictly conserved in all examples identified to date 
[20]. This loop-loop interaction involves the formation 
of a web of hydrogen bonds that appears to be essential for 
constraining the tertiary structure of the ligand-bound 
state [43**,44**,48] (Figure 3a). 

Another notable feature of this structure is that the ligand 
is almost entirely engulfed by the binding pocket of the 
aptamer [43**,44**]. The side walls of the binding pocket 
or 'compartment' are formed by three nucleobases and a 
ribose (Figure 3c,d), whose functional groups form as 
many as eight hydrogen bonds with guanine. This exten- 
sive network of contacts would be difficult to achieve with 
most engineered aptamers, which have more open bind- 
ing pockets, and typically exhibit weaker and less selec- 
tive interactions with their target ligands. 

As described above, most riboswitches must alternate 
between two structural states: one that allows gene 
expression and one that precludes expression 
(Figure 1). The ligand-bound state of the guanine apta- 
mer allows a terminator stem to form by preventing anti- 
terminator formation [20]. Therefore, the formation of the 
aptamer structure that can receive guanine must be some- 
what transitory to allow these alternate structures to form. 
The enclosed binding compartment of the structure 
prevents the aptamer from completely forming in the 
absence of metabolite, otherwise the compartment would 
not allow ligand access. Furthermore, it appears that the 
base contributes to the folding of the aptamer's ligand- 
bound state [48]. Therefore, the stabilization of the 
aptamer structure upon nucleotide binding provides an 
effective switching mechanism for gene control. 

A structural model of the related aptamer domain from 
the adenine-specific riboswitch of the Vibrio vulnificus add 
gene also has been reported [44**]. One of the most 
striking features of the guanine and adenine riboswitches 
is that they adopt nearly identical tertiary structures 



despite sharing less than 60% sequence identity 
(Figure 3a,b). Likewise, the binding compartment 
formed by the adenine-specific aptamer is nearly identical 
to that observed for the xpt-pbuX aptamer (Figure 3e). 
However, the most important difference in nucleotide 
sequence between the two riboswitch classes occurs at 
one of the nucleotides that forms this compartment 
(position 74 of the B. subtilis xpt-pbuX RNA). The nucleo- 
tide at this position is a cytosine in guanine-binding 
riboswitches and a uracil in adenine-binding riboswitches 
(Figure 3c-e). As previously suggested [36*], each apta- 
mer uses this nucleotide to selectively bind its target 
purine through the formation of standard Watson-Crick 
base pairing interactions. 

Conclusions 

Despite the recent discoveries of new RNA genetic 
elements, it is likely that the current collection of known 
elements reflects only a small fraction of the contribution 
that RNA makes to the regulation of modern cells. 
Furthermore, it seems likely that the diversity of RNA 
structure and function could have been harnessed by the 
earliest life forms to construct sensory and regulatory 
RNAs. Some riboswitches could be direct descendents 
of ancient metabolite sensors that first emerged in the 
RNA world [28]. This hypothesis is certainly intriguing, 
given that all riboswitches identified to date are triggered 
by compounds that are near universal in their evolution- 
ary distribution, and that many of these ligands carry 
phosphate and nucleotide-like moieties, as would be 
expected of metabolites from an RNA world [50,51]. 

However, riboswitches need not be remnants of an 
ancient sensory system to have taken their current place 
in gene regulation systems. RNA could simply be best 
suited to perform many of the regulatory roles it serves in 
modern cells. Many riboswitches appear to be widespread 
in bacteria and therefore they might have been present in 
the last common ancestor of bacteria. This does not mean 
that they were present in a purely RNA world organism, 
but might have emerged after organisms of the RNA 
world gave way to protein-dominated life forms. Also, 
lateral transfer and repetitive re-invention of riboswitch 
classes could have caused riboswitches to be distributed 
widely despite possible recent emergence. What has been 
learned about riboswitches over the past several years is 
consistent with either hypothesis. Furthermore, it seems 
reasonable to speculate that there might be a mixture of 
lineages for riboswitches, whereby some are post RNA 
world representatives whereas others date back to a time 
before proteins were present. 

Given that some riboswitches sense small molecules 
cooperatively and others self-cleave upon ligand binding, 
it is possible that future discoveries will expand our 
understanding of the capabilities of RNA. As for the 
known riboswitch classes, there remain many questions 
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of structure and mechanism to be addressed. The recent 
crystal structures have helped in this regard, lending 
insight into how metabolites are recognized and how 
the binding domains discriminate between similar mole- 
cules. For the guanine and adenine aptamers, recognition 
is the result of a simple Watson-Crick base pairing 
interaction. One might speculate that similar strategies 
are employed, at least in part, for the other nucleotide 
metabolites, such as FMN and SAM. However, it is less 
easily predicted how an aptamer will form a binding 
pocket for a simple molecule such as glycine or lysine. 
Additional structural and biophysical studies will be 
needed to address some of the more complex mechanistic 
questions, such as those concerning the interactions 
between aptamer and expression platform, between apta- 
mer and aptamer when cooperative function is present, or 
between the expression platform and RNA polymerase. 

One of the major open questions in the field is how and to 
what degree riboswitches function in eukaryotes. As 
mentioned earlier, riboswitches have been found in plants 
and fungi, where they are located near splice site junc- 
tions of introns and appear to be regulating mRNA 
splicing [27*,52*]. However, more detailed characteriza- 
tion is needed to determine the precise role of ribos- 
witches in these processes. Although only one class of 
metabolite-binding RNA has been identified in eukar- 
yotes [27*], it is possible that improved bioinformatics and 
genomics approaches will reveal new riboswitch candi- 
dates within eukaryotic genomes. Currently, there is no 
reason to assume that higher organisms cannot exploit the 
molecular recognition and allosteric properties of RNA, as 
do their bacterial counterparts. 
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ABSTRACT 

We applied a computational pipeline based on 
comparative genomics to bacteria, and identified 
22 novel candidate RNA motifs. We predicted six to 
be riboswitches, which are mRNA elements that 
regulate gene expression on binding a specific 
metabolite. In separate studies, we confirmed 
that two of these are novel riboswitches. Three 
other riboswitch candidates are upstream of 
either a putative transporter gene in the order 
Lactobaci Males, citric acid cycle genes in 
Burkholderiales or molybdenum cofactor biosynthe- 
sis genes in several phyla. The remaining riboswitch 
candidate, the widespread Genes for the 
Environment, for Membranes and for Motility 
(GEMM) motif, is associated with genes important 
for natural competence in Vibrio cholerae and 
the use of metal ions as electron acceptors in 
Geobacter sulfurreducens. Among the other motifs, 
one has a genetic distribution similar to a previously 
published candidate riboswitch, ykkC/yxkD, but 
has a different structure. We identified possible 
non-coding RNAs in five phyla, and several addi- 
tional c/s-regulatory RNAs, including one in 
£-proteobacteria (upstream of purD, involved in 
purine biosynthesis), and one in Cyanobacteria 
(within an ATP synthase operon). These candidate 
RNAs add to the growing list of RNA motifs involved 
in multiple cellular processes, and suggest that 
many additional RNAs remain to be discovered. 



INTRODUCTION 

Recent discoveries of novel structured RNAs (1-4) 
indicate that such RNAs are common in cells. To assist 
in discovering additional structured RNAs, we have 
developed an automated pipeline that can identify 
conserved RNAs within bacteria (5). This pipeline 
assembles the potential 5' untranslated regions (UTRs) 
of mRNAs of homologous genes, and uses the CMfinder 
(6) program to predict conserved RNA structures, or 
'motifs', within each set of UTRs. Automated homology 
searches are then employed to find additional examples of 
these motifs, which CMfinder uses to improve the 
secondary structure model and sequence alignment of 
each motif. The output is a set of alignments with a 
predicted RNA secondary structure, and these alignments 
are subsequently analyzed manually to make improve- 
ments to the model and to assess which motifs merit 
further study. 

Although other automated searches for RNAs have 
been performed (7-15), our pipeline (5) is distinguished 
from these by three features. First, our pipeline uses 
CMfinder, which can discover a motif even when 
some input sequences either do not contain the motif 
or include motif representatives carrying unrelated 
sequence domains. CMfinder also can produce a useful 
alignment even with low sequence conservation, 
however, the algorithm will exploit whatever sequence 
similarity is present. Second, our pipeline integrates 
homology searches to automatically refine the 
alignment and structural model for each motif. Third, 
since our pipeline aligns UTRs of homologous genes, 
it is well suited to find c«-regulatory RNAs, and 
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Figure 1. Consensus sequences and structures are depicted for seven of the 22 motifs identified. Other motifs are presented as Supplementary Data, 
as are the alignments on which these diagrams are based. Calculations for conservation of nucleotide identity/presence and evidence of covaria- 
tion are described in the 'Materials and methods' section. Proposed base pairs with more than 5% non-canonical or missing nucleotides are not 
classified as covarying. Note that the levels of nucleotide conservation are affected both by biochemical constraints on the motif and by phylogenetic 
diversity; motifs with limited range (e.g. the COG4708 motif) will appear more conserved. Some covarying positions in variable-length stems are 
not shown. 



its dependence on sequence conservation is further 
reduced. 

Indeed, using the bacterial phylum Firmicutes as a test 
case, we previously demonstrated that this pipeline makes 
useful predictions for virtually all known cw-regulatory 
RNAs (5). The pipeline also finds motifs that are likely to 
be trans-encoded, or 'non-coding RNAs' (ncRNAs), when 
these happen to be upstream of homologous genes. 

In the present report, we describe the use of this pipeline 
to find structured RNAs amongst all bacteria whose 
genomes have been sequenced. We describe 22 novel 
motifs that are likely to be conserved, structured RNAs. 
We were particularly interested in discovering ribo- 
switches, a type of structured RNA usually found in 
mRNAs that directly senses a specific small molecule and 



regulates gene expression (16,17). Subsequent experiments 
have confirmed that two of these motifs are novel 
riboswitches. The first binds SAH (S-adenosylhomocys- 
teine) (J.X.W., D. Rivera, E.R.L., R.R.B., in preparation; 
Figure 1) and the second is a SAM (S-adenosylmethio- 
nine)-binding riboswitch in Streptomyces coelicolor and 
related species (Z.W., E.E. Regulski, R.R.B., unpublished 
data). Experimental evidence with another riboswitch 
candidate indicates that it senses molybdenum 
cofactor or 'Moco' (E.E. Regulski, R. Moy, R.R.B., 
unpublished data). 

A candidate of particular interest is the Genes for the 
Environment, for Membranes, and for Motility (GEMM) 
motif, which has properties that are typical of ribo- 
switches. For example, GEMM is a widespread and highly 
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Table 1. Summary of putative structured RNA motifs 
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'RNA' = functions as RNA (as opposed to dsDNA), 'Cis' = m-regulatory, 'Switch' = riboswitch. Evaluation: 'Y' = certainly true, 'y' = probably 
true, '?' = possible, 'n' = probably not, 'N' = certainly not. These evaluations were conducted prior to experimental examinations. Criteria for 
classification as an RNA include evidence of covariation and variable-length or modular stems. Evidence of covariation is strongest with covarying 
nucleotide positions for which surrounding sequence conservation permits high confidence that the covarying positions are correctly aligned, and was 
assessed manually based on alignments. Probable ris-regulatory motifs were consistently located upstream of homologous genes, or a set of genes 
with related functions, and often had features typical of known gene-control mechanisms (a transcription terminator or stem sequestering the Shine- 
Dalgarno sequence). Likely riboswitches were motifs that were classified as an RNA and a cw-regulatory element, showed evidence of high 
conservation of nucleotides at some positions, exhibited a complex secondary structure (not just a hairpin) and were associated with genes that were 
judged likely to be controlled by a small molecule. Motifs are characterized in detail according to these criteria in Supplementary Data. Remaining 
columns are 'Phylum/class' (phylum containing the motif, or class for Proteobacteria), 'M,V ('M' = has modular stems, which are stems that are 
only sometimes present, 'V = variable-length stems), 'Cov.' = number of covarying paired positions (see 'Methods' section; note that it is not 
advisable to rank motifs solely by this number, but rather the alignment as a whole should be evaluated), '#' = number of representatives, 'Non- 
cis' = X/Y where X is number of representatives that are not in a 5' regulatory configuration to a gene and Y is the number of representatives within 
sequences that have annotated genes (some RefSeq sequences lack annotations). Moco and SAM-IV riboswitch data will be presented in future 
reports. Gamma- 150 and coccus- 1 are only in the supplement. 



conserved genetic element that, in 297 out of 309 cases, is 
positioned such that it is likely to be present in the 5' UTR 
of the adjacent open reading frame (ORF). The genes 
putatively regulated by GEMM are typically related to 
sensing and reacting to extracellular conditions, which 
suggests that GEMM might sense a metabolite produced 
for signal transduction or for cell-cell communication. 

Some characteristics of all 22 predicted RNA motifs are 
summarized in Table 1, and we discuss the features and 
possible biological roles of some candidates in the 
'Results' section. Additional information on all candi- 
dates, including annotated multiple sequence alignments, 
and collections of taxonomy and nearby genes, are 
presented in Supplementary Data. Raw pipeline predic- 
tions are accessible at http://bliss.biology.yale.edu/ 
cmfmder_pipeline_output. 



MATERIALS AND METHODS 

Identification of candidate RNA motifs 

The potential 5' UTRs of genes classified in the Conserved 
Domain Database (18) version 2.08 were used as input 



for our computational pipeline (5). Completed genome 
sequences and gene positions were taken from RefSeq (19) 
version 14, but we eliminated genomes whose gene content 
was highly similar to other genomes. Our UTR extraction 
algorithm (20) accounted for the fact that a UTR might 
not always be immediately upstream of the gene due to 
operon structure. 

For each conserved domain, the collected sequences 
of potential UTRs were given as input to CMfmder 
(6) version 0.2, which produced local multiple sequence 
alignments of structurally conserved motifs within the 
UTR sets. These alignments were then used to search for 
additional homologs within annotated intergenic regions, 
except that intergenic regions were extended by 50 nt on 
both ends to account for misannotated ORFs. This 
homology search was performed with the RaveNnA 
program version 0.2f (21-23) with ML-heuristic filters 
(23), Covariance Model (24) in global mode implemented 
by Infernal (25) version 0.7 and an E-value (26) cutoff 
of 10. CMfinder then refined its initial alignment using 
these new homologs. Known RNAs were detected based 
on the Rfam Database (27) version 7.0. Predictions were 
scored based on phylogenetic conservation of short 
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sequences (20), diversity of species and structural criteria. 
The pipeline algorithm is described in more detail 
elsewhere (5). The Supplementary Data includes a list of 
software and databases used. 

We split bacterial genomic sequence data into groups, 
and performed UTR extraction, motif prediction and 
homology search on each group separately. This was 
motivated by the fact that UTRs in different phyla often 
do not contain the same motif. However, phyla with few 
sequenced members were coalesced based on taxonomy 
to try to assemble sufficient sequence data to predict a 
motif. Phyla with only one or two sequenced members 
(e.g. Chloroflexi) were ignored. The following eight 
groups were used: (1) Firmicutes, (2) Actinobacteria, 
(3) cc-proteobacteria, (4) (3-proteobacteria, (5) y-proteo- 
bacteria, (6) 5- and s-proteobacteria, (7) Cyanobacteria 
and (8) Bacteroidetes, Chlorobi, Chlamydiae, 
Verrucomicrobia and Spirochaetes. 

Analysis of candidate motifs and homology search strategies 

We then selected promising motifs, further analyzed them 
by performing additional homology searches and edited 
their alignments with RALEE (28). We used NCBI 
BLAST (29), Mfold (30), Rnall (31) (to identify rho- 
independent transcription terminators), CMfinder and 
RaveNnA to assist in these analyses. Information on 
metabolic pathways associated with motifs was retrieved 
from KEGG (32). To expand alignments by identifying 
additional structured elements, we extended alignments on 
their 5' and 3' ends by 50-100 nt, and realigned as 
necessary using either CMfinder or by manual inspection. 

The additional searches for homologs used RaveNnA 
in several ways. We found both global- and local-mode 
(25) Covariance Model searches gave complementary 
results. Sequence databases used in manually directed 
searches were the 'microbial' subset of RefSeq version 19 
(19), and environmental shotgun sequences from acid 
mine drainage (33) (GenBank accession AADL01000000) 
and Sargasso Sea (34) (AACY01000000). Additional 
marine shotgun sequences were used for the sucA and 
ATPC motifs (35). 

Because the full set of sequences is roughly 3.2 billion 
nucleotides, searches can report many false positives, 
especially for shorter motifs. When appropriate, we 
searched four kinds of subsets of these sequences. First, 
we did not always use the environmental sequence data. 
Second, we sometimes searched only genomes in the 
bacterial group (e.g. p-proteobacteria) from which the 
motif was originally derived. Third, we sometimes 
searched only intergenic regions (extended by 50 nt as 
before). Fourth, we used the BLAST program tblastn to 
search for genes homologous to those associated with the 
motif. RaveNnA searches were then conducted on the 
2kb upstream of these matches (which is expected 
to contain the 5' UTR), and 200 nt downstream (since 
apparent coding homology might extend upstream of the 
true ORF, causing BLAST to misidentify the start codon). 
Using the motifs bacterial group as the BLAST database 
facilitated the discovery of highly diverged homologs. 
For example, a search upstream of purD genes in 



s-proteobacteria revealed homologs of the purD motif 
(see later) with a truncated stem. Additionally, with such 
small databases, we can forego the ML-heuristic filters in 
RaveNnA. When the full sequence set is used as the 
BLAST database, it can help to find homologs in other 
phyla. 

Rejection of motifs 

Motifs were rejected from further study when they failed 
to show features that are characteristic of structured 
RNAs. To help reject motifs with spurious predictions 
of structure, we performed homology searches using 
sequence information only, by removing all base pairs in 
the predicted structure. Sequence-based matches that do 
not conserve the structure indicate that the predicted 
structure is incorrect. However, such homologs can be 
missed by Covariance Models, which assume the structure 
is conserved. Several motifs were rejected using this 
strategy when sequence homologs revealed that the 
proposed structure was, in fact, poorly conserved. 

We also generally rejected repetitive elements, which we 
defined as elements appearing many times per genome and 
showing extremely high sequence conservation, but little 
structure conservation. Although some of these repetitive 
elements could correspond to structured RNAs, there is 
a little support for such a hypothesis without good 
evidence of covariation. 

Establishing the extent of conservation and covariation for 
consensus diagrams 

To establish the extent of conservation reflected in 
consensus diagrams (e.g. in Figure 1), sequences were 
weighted to de-emphasize highly similar homologs. 
Weighting used the GSC algorithm (36), as implemented 
by Infernal (25), and weighted nucleotide frequencies were 
then calculated at each position in the multiple sequence 
alignment. To classify base pairs as covarying, the 
weighted frequency of Watson-Crick or G-U pairs was 
calculated. However, aligned sequences in which both 
nucleotides were missing or where the identity of either 
nucleotide was uncertain (e.g. was 'N', signifying any 
of the four bases) were discarded. Classification as a 
covarying position was made if two sequences had 
Watson-Crick or G-U pairs that differ at both positions 
amongst sequences that carry the motif. If only one 
position differed, the occurrence was classified as a 
compatible mutation. However, if the frequency of non- 
Watson-Crick or G-U pairs was more than 5%, we did 
not annotate these positions as covarying or as compatible 
mutations. 



RESULTS 

Evaluation and analysis of novel RNA motifs 

Promising structured RNA motifs predicted by the 
CMfinder pipeline were examined manually to refine the 
consensus sequence and structural models (see 'Materials 
and methods' section) and to provide information on 
possible function. Key findings for each candidate are 



Nucleic Acids Research, 2007, Vol. 35, No. 14 4813 



summarized in Table 1 . Of the 22 motifs identified, seven 
are depicted in Figure 1 and the remainder are depicted 
in Supplementary Data. 

Our decision to select a candidate RNA motif for 
further study was based on a qualitative evaluation 
of conservation of both sequence and structure, covaria- 
tion and gene context (e.g. whether or not the motif 
is consistently upstream of a specific gene family). 
Conserved sequence is important because structured 
RNAs usually have many conserved nucleotides in regions 
that form complex tertiary structures or are under other 
constraints. Structured RNAs sometimes have variable- 
length stems or 'modular stems' (stems that are present in 
some but not all representatives). The fact that both sides 
of a stem either appear together or neither appear is 
analogous to covariation, and is evidence that the 
structure is conserved. 

C«-regulatory RNAs such as riboswitches are regions 
of mRNAs that regulate gene expression. In bacteria, 
most cz's-regulatory RNAs occur in the 5' UTR of the 
mRNA under regulation. Although it is not possible to 
reliably predict the transcription start site, we declare 
representatives of a motif as positioned in a '5' regulatory 
configuration' to a gene when the element could be in the 
5' UTR of an mRNA (if the transcription start site is 5' to 
the element). When most or all representatives of a motif 
are in a 5' regulatory configuration to a gene, this is 
evidence that the motif might have a cw-regulatory 
function. 

Cw-regulatory RNAs often have one of two noteworthy 
structural features: rho-independent transcription termi- 
nators, or stems that overlap the Shine-Dalgarno 
sequence (bacterial ribosome-binding site) (16). Rho- 
independent transcription terminators usually consist of 
a strong hairpin followed by four or more U residues (37). 
Regulatory RNA domains can control gene expression by 
conditionally forming the terminator stem. Similarly, 
conditionally formed stems can overlap the Shine- 
Dalgarno sequence, thereby regulating genes at the 
translational level (16). 

Some motifs identified in this study consist of a single or 
tandem hairpins. It is possible that some of these are 
protein-binding motifs in which a homodimeric protein 
binds to a given DNA-based element in opposite strands. 
For convenience, we also describe such motifs as having a 
5' regulatory configuration, even though they might not 
form structured RNAs or function at the mRNA level. 

The GEMM motif 

GEMM is widespread in bacteria and appears to have a 
highly conserved sequence and structure suggestive of a 
function that imposes substantial biochemical constraints 
on the putative RNA. We found 322 GEMM sequences 
in both Gram-positive and Gram-negative bacteria. 
It is common in 5-proteobacteria, particularly in 
Geobacter and related genera. Within y-proteobacteria, it 
is ubiquitous in Alteromonadales and Vibrionales. It is 
also common in certain orders of the phyla Firmicutes 
and Plantomycetes. Prominent pathogens with GEMM 
include the causative agents of cholera and anthrax. 



Out of 309 GEMM instances where sequence data 
includes gene annotations, GEMM is in a 5' regulatory 
configuration to a gene in 297 cases, implying a 
cw-regulatory role. Genes presumably regulated by 
GEMM display a wide range of functions, but most 
genes relate to the extracellular environment or to the 
membrane, and many are related to motility. 

GEMM consists of two adjacent hairpins (paired 
regions) designated PI and P2 (Figure 1). PI is highly 
conserved in sequence and structure, and consists of 
2- and 6-bp stems separated by a 3-nt internal loop and 
capped by a terminal loop. The internal loop is highly 
conserved, and the terminal loop is almost always a 
GNRA tetraloop (38). The PI stem exhibits considerable 
evidence of covariation at several positions, and is highly 
conserved in structure over a wide range of bacteria. This 
fact, and the more modest covariation and variable-length 
stems of P2, provide strong evidence that GEMM 
functions as a structured RNA. The sequence linking PI 
and P2 is virtually always AAA, with only two exceptions 
in 322 examples. 

The P2 hairpin shows more modest conservation than 
PI. When the PI tetraloop is GAAA, a GNRA tetraloop 
receptor usually appears in P2. This receptor is often 
the well-known 11 -nt motif, which might be favored 
by GAAA loops (39), but some sequences could be novel 
tetraloop receptors. When PI has a GYRA tetraloop, the 
receptor-like sequence is almost never present, although a 
bulge nearer the P2 base is sometimes found (Figure 2). 

Many instances of GEMM include a rho-independent 
transcription terminator hairpin. The 5' side of the 
terminator stem often overlaps (and presumably competes 
with) the 3' side of the P2 stem (Figure 2B). If GEMM is a 
riboswitch, ligand binding could stabilize the proposed 
PI and P2 structure, thus preventing the competing 
transcription terminator from forming. In this model, 
higher ligand concentrations will increase gene expression. 
One third of GEMM representatives in 5-proteobacteria, 
and some in other taxa, are in a 'tandem' arrangement, 
wherein one instance appears 3' and nearby to another in 
the same UTR. Such arrangements of regulatory RNAs 
are implicated in more sophisticated control of gene 
expression than is permitted by a single regulatory RNA 
configuration (40-42). 

An understanding of the biological role of GEMM 
will likely shed light on the broad variety of microbial 
processes that it appears to regulate. In fact, GEMM is 
implicated in two systems that are already the object of 
several studies in the species Vibrio cholerae and in 
Geobacter sulfurreducens. Vibrio cholerae causes cholera 
in humans, but spends much of its lifecycle in water, 
where it can adhere to chitin-containing exoskeletons 
of many crustaceans. Chitin, a polymer of GlcNAc 
(N-acetylglucosamine), has been shown to affect expres- 
sion of many V. cholerae genes (43). GEMM appears to 
regulate two of these chi tin-induced genes. The first, gbpA, 
is important for adhering to chitin beads (43) and human 
epithelial cells (44), as well as infection of mice (44). 

The second chitin-induced gene is tfoX vc . Remarkably, 
chitin induces natural competence in V. cholerae (45), 
and tfoX vc expression is essential for this competence. 
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Table 2. Gene families that appear to be regulated by GEMM it 



Pili and flagella 

Secretion (related to pili/flagella) 
Chemotaxis regulator 

Signal transduction 



Peptides 
Other 



cpaA, flgB, flgC, flgG, fliE, fliG, fliM, mot A, molB, papC, papD, pilM, pilO, pilQ, pulF 
fhaC, fliF, flil, hofQ 

cheW, cheY, methyl-accepting chemotaxis protein, Cache domain (classically associated 

with chemotaxis receptors in bacteria) 
PAS domain, histidine kinase, HAMP (Histidine kinases, Adenylyl cyclases, Methyl 

binding proteins, Phosphatases), HD-GYP domain, GGDEF domain 
chitin/cellulose binding domain, chitinase, carbohydrate-binding protein 
lysin domain (involved in cell wall remodeling, but might have general peptidoglycan 

binding function), uncharacterized outer membrane proteins and lipoproteins, 

putative collagen binding protein 
non-ribosomal peptide synthase, condensation domain (synthesis of peptide antibiotics), 

transglutaminase-like cysteine protease, subtilase (superfamily of extracellular peptidases) 
tfoX (regulator of competence), cytochrome c 



V. cholerae has two genes that match the CDD models 
COG3070 and pfam04994 that correspond to separate 
tfoX domains. Both domains yield RPSBLAST (46) 
E- values better than 10~ 25 . One of these is tfoX vc (locus 
VC1 153). GEMM appears to regulate the other, which we 
call tfoX° EMM (VC1722). Thus, in V. cholerae and related 
bacteria, GEMM might participate in chitin-induced 
competence, or even regulate competence in environments 
not containing elevated chitin concentrations. 

Geobacteria sulfurreducens and related 5-proteobacteria 
can generate ATP by oxidizing organic compounds, using 
metal ions such as Fe(III) as electron acceptors (47). 
GEMM is associated with pili assembly genes in 
Geobacter species. Pili in G. sulfurreducens have been 
shown to conduct electricity (48), and are thus a part of 
the process of reducing metal ions. 

Moreover, GEMM appears to regulate seven cyto- 
chrome c genes in G. sulfurreducens. Although this 
bacteria has 1 1 1 putative cytochrome c genes, five of the 
seven GEMM-associated genes have been identified in 
previous studies, and might have special roles. OmcS 



(Outer-Membrane Cytochrome S) is one of two proteins 
that are highly abundant on the outer membrane of 
G. sulfurreducens, and is required for reducing insoluble 
Fe(III) oxide, but not for soluble Fe(III) citrate (49). 
OmcG and OmcH are necessary for production of 
OmcB, an essential cytochrome c in many conditions 
(50). OmcA and OmcT are associated with OmcG, OmcH 
or OmcS. Only four other Omc annotations remain in 
G. sulfurreducens that have no direct GEMM association: 
OmcB, OmcC, OmcE and OmcF. 

Unlike known riboswitches, GEMM is associated with 
a great diversity of gene functions (Table 2). This 
observation indicates that, if GEMM is a riboswitch, 
it is not serving as a typical feedback sensor for control of 
a metabolic pathway. Rather, GEMM more likely senses 
a second-messenger molecular involved in signal trans- 
duction or possibly cell-cell communication (51). In this 
model, different bacteria use GEMM and its signaling 
molecule to control different processes. The fact that many 
GEMM-associated genes encode signal transduction 
domains could suggest a mechanism by which many of 
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the signal transduction proteins are regulated. Preliminary 
biochemical results indicate that GEMM RNAs indeed 
serve as aptamer components of a new-found riboswitch 
class (N.S., E.R.L, R.R.B., unpublished data). 

The SAH motif 

The SAH motif is highly conserved in sequence 
and structure (Figure 1), showing covariation within 
predicted stem regions, including modular and variable- 
length stems. The SAH motif is found in a 5' 
regulatory configuration to genes related to SAH 
(S-adenosylhomocysteine) metabolism, primarily in 
p- and some y-proteobacteria, and especially the genus 
Pseudomonas. SAH is a part of the 5-adenosylmethionine 
(SAM) metabolic cycle, whose main components include 
the amino acid methionine. SAH is a byproduct of 
enzymes that use SAM as a cofactor for methylation 
reactions. Typically, SAH is hydrolyzed into homocys- 
teine and adenosine. Homocysteine is then used to 
synthesize methionine, and ultimately SAM. 

High levels of SAH are toxic to cells because SAH 
inhibits many SAM-dependent methyltransferases (52). 
Therefore cells likely need to sense rising SAH concentra- 
tions and dispose of this compound before it reaches toxic 
levels. The genes that the SAH motif associates with are 
5-adenosylhomocysteine hydrolase (ahcY), cobalamin- 
dependent methionine synthase (metH) and methylene- 
tetrahydrofolate reductase (metF), which synthesizes a 
methyl donor used in methionine synthesis. This genetic 
arrangement of the SAH motif and its high degree of 
conservation are consistent with a role in sensing SAH and 
activating the expression of genes whose products are 
required for SAH destruction. Indeed, biochemical and 
genetic evidence supports the hypothesis that this motif 
is an SAH-sensing riboswitch (J.X.W., D. Rivera, E.R.L. 
and R.R.B., in preparation). 

The COG4708 motif 

This motif is found upstream of COG4708 genes in some 
species of Streptococcus and in Lactococcus lactis, 
although some instances of the COG4708 gene family in 
Streptococcus lack the putative RNA motif. COG4708 
genes are predicted to encode membrane proteins. 

Although the COG4708 motif is highly constrained 
phylogenetically and has only six unique sequences, it 
shows covariation, modular stems and variable-length 
stems (Figure 1). The motif has a pseudoknot that 
overlaps the putative Shine-Dalgarno sequences of 
COG4708 genes, which suggests that the motif encodes a 
cw-regulator of these genes. 

We recently characterized a riboswitch that senses the 
modified nucleobase preQj (53). Since this riboswitch is 
associated with COG4708, we proposed that COG4708 
is a transporter of a metabolite related to preQj. 
Therefore, we hypothesize that the COG4708 motif is 
also a preQ r sensing riboswitch. Preliminary experiments 
support this hypothesis (M. Meyer, A.R. and R.R.B., 
unpublished data). The COG4708 motif shares no 
similarity in sequence or structure with the previously 
characterized preQi-sensing riboswitch (53). 



The sucA motif 

The sucA motif is only found in a 5' regulatory 
configuration to sucA genes, which are likely co- 
transcribed with the related downstream genes sucB/aceF 
and Ipd. The products of these three genes synthesize 
succinyl-CoA from 2-oxoglutarate in the citric acid 
cycle. All detected instances of the sucA motifs are in 
P-proteobacteria in the order Burkholderiales. Although 
many nucleotides in the sucA motif are strictly conserved, 
those that are not show covariation and contain very few 
non-canonical base pairs (Figure 1). The motif has stems 
that overlap the putative Shine-Dalgarno sequence, so the 
sucA motif probably corresponds to a cw-regulatory 
RNA. Note that the exact position of the putative 
Shine-Dalgarno sequence is inconsistent among sucA 
motif instances, so is not well reflected in Figure 1 (see 
alignment in Supplementary Data). The relatively com- 
plex structure of the sue A motif suggests that it might be a 
riboswitch. However, it is difficult to evaluate its degree of 
sequence and structure conservation since the motif is not 
broadly distributed. 

The 23S-methyl motif 

This motif is consistently upstream of genes annotated as 
rRNA methyltransferases that probably act on 23S 
rRNA. The one exception occurs when 23S-methyl 
RNA is roughly 3 kb from the 23S rRNA methyltransfer- 
ase ORF, with other genes on the opposite strand in the 
intervening sequence. The 23S-methyl motif is confined to 
Lactobacillales, which is an order of Firmicutes. 

The 23S-methyl motif consists of two large hairpins. 
The second hairpin ends in a run of Us and appears to be 
a rho-independent transcription terminator. Both stems 
have considerable covariation, providing strong evidence 
that they are part of a functional RNA. Although the 
structural model shows that many paired positions some- 
times have non-canonical base pairs, each instance of the 
motif consists predominantly of energetically favorable 
pairs, as shown in Supplementary Data. The presence of 
a putative transcription terminator suggests that this is a 
m-regulatory RNA. Since 23S rRNA methyltransferase 
interacts with an RNA substrate, it might autoregulate its 
expression using the 23S-methyl motif, in a manner similar 
to autoregulation of ribosomal protein genes (54). 

The hemB/anti-hemB motif 

This motif is found in a variety of p-proteobacteria, 
especially Burkholderia. There is some ambiguity as to the 
DNA strand from which it might be transcribed, because 
its structure exhibits comparable covariation and con- 
servation in both directions. In one direction, it is often 
upstream of hemB genes. It could be a cw-regulatory RNA 
in this direction, but there are two genes, not homologous 
to each other, that are immediately downstream of hemB 
motif representatives and these are positioned on the 
wrong strand to be controlled in the usual manner of 
m-regulatory RNAs. In the other direction (anti- hemB), 
the motif is not typically in the 5' UTRs of genes. 
The anti-hemB motif ends in a transcription terminator 
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hairpin. Many genes downstream of anti-hemB instances 
are on the opposite strand, therefore we propose that anti- 
hemB could encode a non-coding RNA. 

MAEB (metabolism-associated element in Burkholderia) 

This motif consists of a single hairpin with several 
conserved positions (Figure 1). It is widespread in 
Burkholderia, a genus of (3-proteobacteria. It typically 
occurs multiple times in succession (2-6 copies) with 
conserved linker sequences, but ranges to as many as 
12 copies in two instances. In 141 occurrences of single or 
repetitive MAEB motifs, 132 are in a 5' regulatory 
configuration to a gene. In fact, many of these genes 
are directly involved in primary metabolism (e.g. genes 
involved in biosynthesis, catabolism or transport of 
small molecules), and not genes such as DNA repair, 
replication, signaling or motility. Out of the 46 conserved 
domains (excluding hypothetical genes) downstream of 
MAEB in more than one instance, at least 42 are 
annotated as participating in primary metabolism (see 
Supplementary Data for list). There are many bacterial 
genes not involved in primary metabolism, so these data 
suggest a functional association with metabolic gene 
control. 

There is a possible relationship between MAEB and 
cellular response to abundant glycine. MAEB is frequently 
associated with gcvP and gcvT, which are part of the 
glycine cleavage system, wherein excess glycine feeds 
into the citric acid cycle. MAEB is also associated with 
several citric acid cycle genes (see Supplementary Data). 
However, MAEB is associated with some other genes with 
a more tenuous relationship to glycine or the citric acid 
cycle. It is tempting to infer a relationship to the glycine 
cleavage system because the highest number of MAEB 
repeats are associated with the gcv genes in this system. 
Moreover, there exists at least one riboswitch class that 
binds glycine (42), but this class is present in only one copy 
per genome in organisms with MAEB, possibly leaving 
a role in glycine regulation for MAEB. 

Representatives of the MAEB motif exhibit covariation 
that preserves base pairing, but others carry mutations 
that disrupt pairing. This fact suggests that it could, in 
fact, be a DNA-sequence that binds a protein dimer, such 
that each protein unit binds to opposite strands. However, 
one characteristic is inconsistent with this hypothesis. 
Nucleotides at one pair of symmetric positions are 
conserved as purines (A or G) in both sides of the stem. 
Since purines are never Watson-Crick pairs, they could 
not have the same identity on opposite strands. Although 
it is expected that instances of a DNA-binding motif will 
differ, the symmetric purines imply that the motif itself 
(and not merely the instances) has a distinct pattern on 
opposite strands. 

Although we cannot rule out the possibility that MAEB 
could be a repetitive element, its association with 
metabolic genes argues against this hypothesis. It is also 
possible that MAEB is part of a protein-binding RNA like 
CsrB. CsrB is an RNA with roughly 18 hairpins, each of 
which can bind one CsrA protein subunit (55). 



The mini-y kkC motif 

The mini-ykkC motif consists of two tandem hairpins 
whose stems show considerable covariation and whose 
loops have characteristic ACGR motifs (Figure 1). Mini- 
ykkC is widespread in a-, P- and y-proteobacteria, with 
additional examples in other taxa. We named this motif 
mim-ykkC because it appears to be a cz's-regulator of a 
set of genes similar to that of the previously described 
ykkC/yxkD motif (7) (hereafter termed l ykkC). 
The Supplementary Data lists all eight conserved domains 
common to ykkC and mini-ykkC. However, the structures 
of ykkC and mini-ykkC appear to be unrelated. 

The ykkC motif is a highly structured and broadly 
conserved motif that was proposed previously to be a 
promising riboswitch candidate. The simple structure 
of mini-ykkC, however, is uncharacteristic of most 
other riboswitches, though its broad phylogeny suggests 
a function that dictates broad conservation. Mini-ykkC 
appears to be a c/s-regulatory element because it is 
associated with a relatively narrow set of gene functions 
and it is near to their coding sequences (90% are within 
33 nt of the Shine-Dalgarno sequence). We propose that 
mmi-ykkC serves the same (but currently unknown) role 
as the ykkC motif, although the mechanisms used to 
control gene expression could be different. 

We note that there might be instances of mini-ykkC 
with only one hairpin. However, we did not explore this 
possibility because the simplicity of the single hairpin 
would lead to a prohibitively high false positive rate in 
genome-scale searches. This issue is not a problem for the 
full, two-hairpin motif (see Supplementary Data). 

The pur D motif 

The purD motif is found upstream of all purD genes in 
fully sequenced e-proteobacteria (e.g. Campylobacter and 
Helicobacter). The purD gene encodes GAR (phosphor- 
ibosylglycinamide) synthetase, which is involved in purine 
biosynthesis. The purD motif shows covariation and 
modular stems, although it also exhibits some mutations 
that disrupt base pairing (Figure 1). 

To test the hypothesis that the purD motif represents 
a riboswitch aptamer, we used in-line probing assays (56) 
to test for binding of the RNA against a panel of available 
purine compounds, including GAR (see Supplementary 
Data for list). Our assays showed no evidence of structural 
modulation induced by any of these compounds (data 
not shown). Although these data fail to support the 
hypothesis that the purD motif is a riboswitch, its 
consistent association with the purD gene at least implies 
a c/s-regulatory role. 

The6C motif 

This motif is widespread among Actinobacteria, and 
consists of two hairpins, where the loop of each contains 
a run of at least 6 Cs. The 6C motif exhibits significant 
covariation in its stems. 6C motif instances are usually 
moderately close (200-300 nt) to genes predicted to be 
related to chromosome partitioning and pilus assembly. 
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However, given its distance, it is not clear whether 6C is 
functionally related to these genes. 

Transposon- and excisionase-associated motifs 

We also found one transposase-associated motif in 
cc-proteobacteria and another associated with Xis 
excisionases in Actinobacteria, although the excisionase 
genes could be misclassified (see Supplementary Data). 
Both motifs consist primarily of a single hairpin with a 
10-to-15-bp stem. Both motifs also exhibit much covaria- 
tion, which suggests they form functional, structured 
RNAs. The excisionase motif is in a 5' regulatory 
configuration to the excisionase gene. 

However, both motifs could also be dsDNA sites 
recognized by protein dimers, where each subunit binds 
to sites on opposite strands. Alternately, either motif 
could conceivably function as a structural dsDNA 
element. A hairpin element, combined with other factors, 
could favor a structure with two intra-strand hairpins 
embedded in dsDNA, a 'cruciform'-like structure that is 
the preferred target for proteins in distinct, though related 
contexts (57,58). DNA-binding motifs in Xis were also 
described (59), although no motifs containing hairpins 
were reported. 

The ATPC motif 

The ATPC motif occurs in some Cyanobacteria in an 
ATP synthase operon, between genes encoding the A and 
C subunits. ATPC motif instances are found in all 
sequenced strains of Prochlorococcus marinus, and certain 
species of Synechococcus. The motif consists primarily of 
a three-stem junction. Previous studies have proposed 
hairpin-like structures in Cyanobacterial ATP synthase 
operons, but not more complicated shapes, and in 
different locations from the ATPC motif (60). 

The cyano-30S motif 

This motif occurs in some Cyanobacteria and is in a 
5' regulatory configuration to genes encoding 30S 
ribosomal protein SI. It consists of two hairpins that are 
dissimilar to each other, and a pseudoknot wherein five 
nucleotides in the PI loop base-pair with nucleotides just 
beyond the 3' end of P2. Although there are several 
mutations that disrupt pairing in PI and P2, there are also 
many compensatory mutations in these stems. Moreover, 
the pairing in the pseudoknot covaries and is present in all 
representatives. 

Given the gene context, we expect that this motif mimics 
the ligand of the downstream ribosomal protein gene (54), 
and that the product of this gene thereby controls its own 
expression. Although we commented on ribosomal protein 
gene autoregulation previously in Firmicutes (5), we 
generally ignored ribosomal-gene-associated RNA motifs 
in the present study because many have already been 
characterized. However, the identification of the cyano- 
30S motif supports the view that such RNAs are found 
in a wide variety of phyla. 



Lactobacillales motifs 

The lacto-1 and lacto-2 motifs are confined to the order 
Lactobacillales. The lacto-1 motif has some covariation, 
but some mutations disrupt base pairing, so its assignment 
as a structured RNA is uncertain. Some instances intersect 
a variable region of the S(MK) (or SAM-III) (61) 
riboswitch between the main hairpin and the Shine- 
Dalgarno sequence. The lacto-2 motif consists of a large 
hairpin with many internal loops, some of which have 
highly conserved sequences. Although some mutations 
disrupt pairing, there is a considerable amount of 
covariation, which suggests that the lacto-2 motif 
instances are probably structured RNAs. 

TD (Treponema denticola) motifs 

Two predicted motifs have several instances in Treponema 
denticola, but are not found in any other sequenced 
bacteria. The motifs, TD-1 and TD-2 have 28 and 36 
representatives, respectively. Seven TD-1 motif represen- 
tatives overlap reverse complements of instances of TD-2, 
and share the two 5'-most hairpins. Although it is possible 
that the two motifs could be merged, it is not obvious 
how, because there is significant variation in the non- 
overlapping instances. 

Both motifs show covariation and either variable-length 
or modular stems. However, the modest but noticeable 
number of mutations that disrupt pairing reduces con- 
fidence that they are functional RNAs. The TD-1 motif 
is usually in a 5' regulatory configuration to genes, 
although the wide array of poorly characterized genes 
makes it difficult to suggest a coherent cw-regulatory 
function. The TD-2 motif does not share the 
5' regulatory configuration, so it could correspond to 
a non-coding RNA. 



DISCUSSION 

Using the CMfinder-based comparative genomics pipe- 
line, we found 22 novel putative RNA motifs. Two have 
already been experimentally confirmed as riboswitches. 
For several others, covariation and other characteristics 
suggest that they are functional structured RNAs, and we 
have proposed possible functions for many of the motifs. 
Thus, our pipeline appears to be useful for discovering 
novel RNAs, which in turn will contribute to our 
understanding of RNA biochemistry and bacterial gene 
regulation. 

Our findings here and previously (5) demonstrate that 
the CMfinder-based pipeline is usually able to recover 
RNAs that are widespread, possess a highly conserved and 
extensive secondary structure, are roughly 60 nt or more 
in length, and are associated with homologous genes. 
Three candidate riboswitches have these characteristics 
(GEMM, Moco and SAH). The remaining three candi- 
dates, SAM-IV, the COG4708 motif and the sucA motif 
are more narrowly distributed than most known ribo- 
switches in that none of these motifs is found outside 
a single order in taxonomy level. This observation suggests 
that many of the undiscovered riboswitch classes have 
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more narrow phylogenetic distributions than those dis- 
covered previously. 



SUPPLEMENTARY DATA 

Supplementary Data are available at NAR Online. 
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The RFN element is a highly conserved domain that is found 
frequently in the 5'-untranslated regions of prokaryotk mRNAs 
that encode for flavin mononucleotide (FMN) biosynthesis and 
transport proteins. We report that this domain serves as the 
receptor for a metabolite-dependent riboswitch that directly binds 
FMN in the absence of proteins. Our results also indicate that in 
Bacillus subtilis, the riboswitch most likely controls gene expres- 
sion by causing, premature transcription termination of the rib- 
DEAHT operon and precluding access to the ribosome-binding site 
of ypaA mRNA. Sequence and structural analyses indicate that the 
RFN element is a natural FMN-binding aptamer, the allosteric 
character of which is harnessed to control gene expression. 

The expression of certain genes is controlled by mRNA 
elements that form receptors for target metabolites. Selec- 
tive binding of a metabolite by such an mRNA "riboswitch" 
permits a shift in the conformation to an alternative structure 
that results ultimately in the modulation of protein synthesis. For 
example, the btuB gene of Escherichia coli carries a highly 
conserved sequence element termed the B| 2 box (J) in the 5' 
UTR of the mRNA that directly binds coenzyme B 12 with high 
selectivity (2). This binding event seems to operate via an 
allosteric mechanism that represses expression of a reporter 
gene to of that observed in cells grown in the absence of 

added coenzyme B 12 . Similarly, many organisms carry a highly 
conserved "thi box" sequence (3) in mRNAs that are required 
for the biosynthesis of the coenzyme thiamine pyrophosphate. 
An expanded region of RNA that encompasses the thi box also 
has been shown (4) to function as a riboswitch by directly binding 
thiamine pyrophosphate, resulting in reduced translation oithiM 
and thiC mRNAs in E. coli. It is conceivable that riboswitches 
also could modulate transcription termination, although only 
proteins (5, 6) or RNAs are currently known to regulate tran- 
scription termination in trans (7). 

Another highly conserved but distinct RNA domain, termed 
the RFN element, has been identified in mRNAs of prokaryotic 
genes required for the biosynthesis of riboflavin and FMN (8, 9). 
It is known (10, 11) that FMN is required for down-regulation of 
the ribDEAHT operon (hereafter termed ribD) of Bacillus 
subtilis, which encodes several FMN biosynthetic enzymes. Fur- 
thermore, mutations within the RFN element of ribD eliminate 



ypaA (a putative riboflavin transport protein) (8, 14) have been 
used to generate a secondary structure model (Fig. L4) and to 
establish the conserved nucleotides of this domain (8, 9). The 
structural model is composed of a six-stem junction wherein 
extensive sequence conservation exists at the bases of the stem 
elements and among the intervening nucleotides that form the 
core of the junction (Fig. \A). 

It has been proposed that either an unidentified FMN- 
dependent protein effector (15) or perhaps FMN alone (8, 9) 
■binds to the RFN element to repress ribD expression in B. subtilis. 
To explore the possibility that the RFN element serves as a 
component of an FMN-dependent riboswitch, we prepared 
RNAs corresponding to the 5'-UTR sequences of B. subtilis ribD 
and ypaA mRNAs by in vitro transcription. The RNAs were 
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found to undergo FMN-dependent structural alterations in a 
protein-free mixture. Initial analyses suggest that FMN binding 
by the ribD leader causes transcription termination, whereas 
FMN binding by the ypaA leader results in sequestration of an 
adjacent ribosome-binding site. These results suggest that the 
RFN element serves as a component of a metabolite-dependent 
riboswitch that can bind FMN in the absence of proteins. In 
addition, FMN binding is likely to be responsible for down- 
regulating the expression of ribD and ypaA via distinct genetic 
control mechanisms. 

Materials and Methods 

Oligonucleotides and Chemicals. Synthetic DNAs were purchased 
from The Keck Foundation Biotechnology Resource Center at 
Yale University, purified by denaturing PAGE, and eluted from 
the gel by crush-soaking in 10 mM Tris-HCl (pH 7.5 at 23°C)/200 
mM NaCl/1 mM EDTA. The DNA was recovered from the 
crush-soak solution by precipitation with ethanol. FMN, FAD, 
and riboflavin were acquired from Sigma. The radiolabeled 
nucleotides [a- 32 P]UTP and [y- 32 P]ATP were purchased from 
Amersham Pharmacia. 

Cloning of B. subtilis ribD and B. subtilis ypaA Regulatory Regions. The 

nucleotide sequence from -61 to 302 of the B. subtilis ribDEAHT 
operon (16, 17) was amplified by PCR from B. subtilis strain 168 
(a gift from D. Soil, Yale University) as an EcoRl-Bamm 
fragment. The DNA was ligated into £coRI-, SamHI-digested 
pGEM4Z (Promega) to generate pGEM4Z-rifeO. Similarly, the 
sequence spanning nucleotides -94 to 347 of B. subtilisypaA was 
used to generate pGBM4Z-ypaA. The plasmids were trans- 
formed into E. coli ToplO cells (Invitrogen) for all other 
manipulations. All sequences were verified by DNA sequencing 
(United States Biochemical Thermosequenase). 

In Vitro Transcription. DNA templates for preparative in vitro 
transcription of ribD and ypaA RNAs were produced by PCR 
amplification of the corresponding regions of the pGEM4Z-rtMJ 
and pGEM4Z-ypaA plasmids, respectively, with the appropriate 
DNA primers. The DNA primers were designed to replace the 
endogenous B. subtilis promoter sequence with that of a T7 
promoter sequence and to introduce a CC dinucleotide into the 
DNA templates such that both RNAs carry a 5'-terminal GG 
sequence. RNAs were prepared by in vitro transcription as 
described ( 1 7) or through the use of the RiboMAX transcription 
kit (Promega) according to the manufacturer's directions. The 
transcription products were resolved by PAGE and examined 
by Phosphorlmager (Molecular Dynamics). RNA products 
were isolated by denaturing 6% PAGE and 5' 32 P-labeled as 
described (18). 

The addition or deletion of U residues to alter the ribD RNA 
at positions 261-264 was achieved by using mutant oligonucle- 
otides during PCR amplification of the pGEM4Z-r/6D template 
DNA. The resulting templates each carry the 20 nucleotides 
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Fig. 1. FMN-induced structure modulation of an RFN element. (A) Structural 
model and conserved sequences of the RFN element derived from a phyloge- 
netic analysis of prokaryote mRNA sequences. Nucleotides defined by letters 
are present in >90% of the RNAs examined. The letters R, Y, K, and N represent 
purine, pyrimidine, G or U, and any nucleotide identity, respectively. The six 
stem-loop structures are labeled P1-P6. The original model and the sequence 
data used to create this adaptation are described in ref. 9. (8) Structural 
probing of the 165 ribD RNA (arrow) in the presence (+) and absence (-) of 
1 0 u.M FMN. Also, S' 32 P-!abeled ribD RNA precursors were not reacted (NR) or 
were subjected to partial digest with RNase T1 <T1) or alkali (-OH) asindicated. 
Blue arrowheads indicate regions of FMN-dependent modulation of sponta- 
neous cleavage. Regions 1 (nucleotide 136), 2 (nucleotides 113 and 114), 3 
(nucleotides 89-91), 4 (nucleotide 56), and 5 (nucleotides 33 and 34) were 
subsequently used to establish an apparent Kb value for FMN binding (Fig. 2). 
See Materials and Methods for experimental details. (0 Secondary-structure 
model of the 165 ribD RNA and the nucleotide positions of spontaneous 
cleavage in the presence (yellow) and absence (yellow and red) of FMN as 
identified from 8. Cleavage occurs 3' relative to the nucleotides highlighted in 



immediately downstream of position 264 in unaltered form, 
whereas the poly U-encoding region beginning at position 258 
varies from three to seven nucleotides. 

In-Line Probing of RNA Constructs. The B. subtilis 165 ribD and 349 
ypaA leader mRNAs were subjected to in-line probing (which 
reveals the structural context of nucleotides based on their 
relative susceptibility to in-line attack from the adjacent 2'- 
hydroxyl group) by using a protocol adapted from those de- 
scribed (2, 4, 19, 20). Specifically, = 1 nM 5' 32 P-labeled RNA was 
incubated for ~40 h at 25°C in 20 mM MgCl 2 /50 mM Tris-HCl 
(pH 8.3 at 25°C)/100 mM KC1 in the presence or absence of 
added ligand (FMN, FAD, or riboflavin) at concentrations that 
are indicated for each experiment. All ligand stock solutions and 
reactions were protected from light by wrapping each tube in 
aluminum foil. RNA cleavage products of >200 nt in length were 



resolved by subjecting samples to PAGE for extended time 
periods (7-21 h) with frequent buffer exchanges. The apparent 
K D values for each ligand were established by plotting the 
normalized fraction of RNA cleaved for each site (relative to the 
maximum and minimum cleavage values measured) against the 
logarithm of the concentration of ligand used. 

Transcription Termination Assays Using T7 RNA Polymerase. Tran- 
scription termination assays were conducted by using RiboMAX 
transcription kits. Each 10-ju.l reaction was incubated at 37°Cfor 
2 h and contained IX buffer (supplied by the manufacturer), 175 
/iM each NTP, 5 /xCi of [ct- 32 P]UTP (1 Ci = 37 GBq), and 0.3 
u.1 of T7 RNAP (supplied by the manufacturer). FMN, ribofla- 
vin, or FAD was added to individual transcription reactions as 
indicated for each experiment. Reaction products were sepa- 
rated by using denaturing 6% PAGE. Bands corresponding to 
full-length and terminated RNAs were visualized by Phospho- 
rlmager, and the yields were established by using imagequant 
software. The fraction of terminated templates was adjusted for 
the difference in specific activity between the terminated and 
full-length products. Similarly, transcription termination assays 
with DNA templates carrying U-insertion or -deletion mutations 
were incubated as described above for 30 min. 

Mapping the Transcription Termination Site. Run-off and FMN- 
induced termination products for the 304 ribD RNA were 
prepared and separated as described for the transcription ter- 
mination assays. The resulting RNAs were recovered from the 
gel by crush-soaking followed by precipitation with ethanol. 
Both the transcription termination product and run-off tran- 
script were digested separately with a 10-23 deoxyribozyme (21) 
that was engineered to target ribD mRNA for cleavage after 
position A222. Approximately 40 pmol of RNA were incubated 
in a 20-u,l mixture for 1.5 h at 37°C under conditions similar to 
those described (22). The 3' fragments of the deoxyribozyme- 
cleaved RNAs were separated by denaturing 10% PAGE, re- 
covered from the gel, and 5' 32 P-labeled as described above. The 
3' fragment of the run-off transcript (FL*) was subjected to 
partial digestion with RNase Tl or alkali as indicated. The 
resulting RNA fragments were compared with the 3' fragment 
of the FMN-induced termination products (T*) by denaturing 
10% PAGE and analyzed by Phosphorlmager. 

Results 

The RFN Element Binds FMN in the Absence of Protein. To determine 
whether the RFN element serves as part of a metabolite-specific 
riboswitch, we subjected a portion (nucleotides 1-163) of the 
ribD 5' UTR of B. sublilis to an in vitro structure-probing assay 
(2, 4, 19, 20) in the absence of proteins. This "in-line" probing 
assay relies on the fact that spontaneous RNA cleavage by 
internal transesterification typically occurs faster within regions 
of the RNA chain that are structurally unconstrained, whereas 
constrained (2°- or 3°-structured) portions of the chain generally 
undergo spontaneous cleavage less frequently. We find that 
incubation of 5' 32 P-labeled 165 ribD RNA (5'-GG plus the ribD 
5 ' -UTR fragment) for 40 h in the presence of 10 ixM FMN results 
in a fragmentation pattern that is distinct from that observed 
when no effector is added to the incubation (Fig. IB). In 
contrast, incubation of the 165 ribD RNA with 10 /xM riboflavin 
results in a similar but less dramatic change in RNA fragmen- 
tation pattern (data not shown), suggesting that riboflavin is 
bound by the RNA less tightly. 

The structure-probing data are consistent also with the sec- 
ondary structure that has been proposed (8, 9) for the RFN 
element based on phyiogenetic sequence comparisons (Fig. I A). 
For example, theB. subtilis 165 ribD RNA exhibits fragmentation 
patterns after incubation in the presence and absence of FMN 
that are consistent with the formation of stems P1-P5 (Fig. 1C), 
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e to the highest and lowest cleavage values measured for 
each region) was plotted for five regions (Fig. 1 fl) that exhibit FMN-dependent 
modulation. The dashed line identifies the apparent K D value or the concen- 
tration of FMN required for conversion of half the RNAs into the ligand-bound 
form. RNAs were subjected to in-line probing as described for Fig. 1 by using 
various concentrations of ligand as indicated. (O The normalized fraction of 
spontaneous cleavage at region two for FMN (from 8) and for the i 



boflavir 



because the nucleotides involved in these structural elements 
exhibit a low level of spontaneous cleavage. In contrast, many of 
the highly conserved nucleotides that form the internal bulges of 
the six-stem RNA junction experience a high level of spontane- 
ous cleavage in the absence of FMN but strongly resist frag- 
mentation when FMN is present. These results indicate that the 
RNA adopts a structural state wherein elements P2-P6 are 
preorganized and the junction nucleotides adopt a precise 
FMN-binding fold that is stabilized after ligand association. 

The ribD RFN Element Discriminates Against Riboflavin and FAD. It has 

been shown (10) that a disruptive mutation in the riboflavin 
kinase (FAD synthase) gene causes derepression of riboflavin 
biosynthetic genes and overproduction of riboflavin. Although 
FMN and its biologically relevant analogs riboflavin and FAD 
share the riboflavin moiety (Fig. 24), only FMN and/or FAD 
serve as the modulating effector(s) for genetic control of the 
ribD RNA. The molecular recognition characteristics of 165 ribD 
RNA were assessed by establishing the apparent K D value for 
FMN (Fig. 25) and comparing this value to those determined for 
riboflavin and FAD (Fig. 2C). 

The apparent K D for FMN binding to the 165 ribD RNA was 
established by identifying the concentration of ligand needed to 
cause =50% reduction in the spontaneous cleavage of RNA at 
each of five regions along the RNA chain. Each of these sites 
exhibits half-maximal modulation of spontaneous cleavage when 
=5 nM FMN is added to an in-line probing assay. This result is 
consistent with the hypothesis that the RFN element is a tightly 
binding receptor for FMN and that structural modulation of the 
RNA is a concerted process that is induced by the presence of 
ligand. 

Interestingly, we find that riboflavin, which differs from FMN 
by the absence of a single phosphate group (Fig. 2A), is bound 
by the 165 ribD RNA less tightly (K D =3 jiM) by almost 3 orders 
of magnitude. This finding is similar to that observed for the 
thiamine py rophosphate-specific riboswitch, which discriminates 



against thiamine and thiamine monophosphate ligands to a 
similar extent. Thus, the RFN element of ribD provides another 
example of an RNA structure that presumably creates productive 
binding interactions with a negatively charged phosphate moiety 
despite the fact that RNA itself is polyanionic. These RNAs must 
form a binding pocket, perhaps by exploiting divalent metal ions, 
to make productive binding interactions with phosphate. 

Furthermore, our in-line probing experiments suggest that 
FAD is bound by the RNA with an apparent K D of =300 nM. 
However, we have not eliminated the possibility that our ligand 
sample might have a small percentage of FMN present, which is 
expected because of the spontaneous hydrolytic breakdown of 
the pyrophosphate linkage of FAD. Although our data indicate 
that the 5' UTR of ribD discriminates between FMN and FAD 
by at least 60-fold, it is possible that the RNA might achieve a 
much greater level of discrimination that could be observed only 
if trace FMN were removed from the FAD sample. 

An FMN-Dependent Riboswitch That Causes Transcription Termina- 
tion. The metabolite-binding domain of a riboswitch must bring 
about a structural change in the mRNA that modulates gene 
expression in some defined manner. In a previous study (4) it was 
shown that a thiamine pyrophosphate-dependent riboswitch 
from E. coli thiM RNA is comprised of an aptamer domain that 
binds the effector and an "expression platform" that is directly 
responsible for altering gene expression. We speculate that 
different riboswitches will make use of expression platforms that 
provide distinct mechanisms for genetic control and that these 
expression platforms might have a modular character that can be 
dissected to establish their mode of operation. Accordingly, we 
conducted a series of experiments to establish the mechanism of 
the expression platform for the FMN-dependent riboswitch of 
ribD. 

It has been proposed (9) that certain RFN elements, including 
the one present in the ribD RNA, might use a transcription 
termination mechanism for controlling gene expression. Genes 
from many prokaryotes carry an RFN element that is followed 
by complementary domains that can form transcription termi- 
nator or antiterminator stem structures. Thus, the metabolite- 
dependent control of transcription termination could result if 
the binding of FMN modulates the formation of these structural 
elements. In preparation for testing this hypothesis, we created 
a DNA template that encodes the larger 304-nt leader sequence 
of the ribD RNA (termed 304 ribD; Fig. 3,4). This construct 
carries the RFN element and includes additional nucleotides that 
encompass the putative terminator and antiterminator elements. 
Also present in the construct are two domains of six U residues, 
the first beginning at position 239 and the second beginning at 
position 258. This second U-rich domain resides immediately 3' 
relative to the terminator stem, and together these elements 
resemble bacterial intrinsic terminators (24, 25). Therefore, this 
second U-rich domain was identified as the most likely location 
for transcription termination. 

Using an in vitro transcription assay based on the action of 
bacteriophage T7 RNA polymerase, we transcribed the extended 
DNA template in the absence or presence of 100 pM FMN, 
FAD, or riboflavin (Fig. 35). Although =10% of the transcripts 
terminate within this second U-rich domain in most instances, 
the addition of FMN selectively enhances transcription termi- 
nation to =30%. Similar results are obtained when in vitro 
transcription is carried out with E. coli RNA polymerase by using 
a related DNA template (data not shown). Therefore, we believe 
that T7 RNA polymerase serves as a functional surrogate for a 
bacterial RNA polymerase in our transcription termination 
assays. Our data also indicate that binding of FMN to the nascent 
RNA transcript results in the formation of a structure 
that promotes transcription termination with unrelated RNA 
polymerases. 
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Fig. 3. FMN caus 
Sequence and secondary 
identify nucleotides that are complementary and might serve as an antiter- 
minator structure. Nucleotides denoted with an asterisk have been altered 
from the wild-type sequence to generate a restriction site. The nucleotide 
sequence comprising the 62- and 30-nt regions (not shown) are presented in 
refs. 1 6 and 17. (8) In vitro transcription termination assays. In vitro transcrip- 
tions were conducted by using T7 RNA polymerase and a double-stranded 
DNA construct that serves as a template for the synthesis of 304 ribD RNA. 
Reactions were incubated in the absence (-) or presence (+) of 100 ilM of the 
compounds as indicated for each lane. FL and T denote full-length and 
terminated RNA transcripts, respectively. The fraction of total transcripts that 
are termination products is plotted in the graph. See Materials and Methods 
for experimental details. (O Model for the FMN-dependent riboswitch. 
Shaded regions identify the putative antiterminator structure that is dis- 
rupted after binding of FMN and formation of the P1 structure. 



In the 165 ribD construct, the nucleotides between PI and P2 
undergo a significant reduction in spontaneous cleavage, which 
indicates that this region is involved in forming an ordered 
structure that is necessary for FMN binding. These same nucle- 
otides are predicted also to participate in the formation of the 
antiterminator structure (9). Therefore, these data are consis- 
tent with the proposed riboswitch mechanism (Fig. 3C) in which 
the structures of the effector-bound RFN element and the 
antiterminator stem are mutually exclusive. 

Mapping the FMN-lnduced Transcription Termination Site. The tran- 
scription termination site for the 304 ribD RNA construct was 
identified by comparison of RNAs that correspond to the 
FMN-induced transcription termination product with the run- 
off transcript. Because the original transcripts from the 304 ribD 
template are too large to obtain single-nucleotide resolution by 
PAGE, we used a strategy wherein the transcription products 
were digested with a deoxyribozyme that catalyzes site-specific 
cleavage of the RNAs between nucleotides 222 and 223 (Fig. 
4A). The subsequent 5' 32 P labeling of the 3'-digestion fragments 
of the full-length and terminated transcripts (to generate FL* 
and T*, respectively) permitted the high-resolution mapping of 
the termination site by PAGE (Fig. 4B). We find that transcrip- 
tion termination occurs between nucleotides U26I and U263, 
which are the last U residues in the U-rich domain that imme- 
diately follows the terminator stem. 
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: The dashed 

arrow identifies the location of deoxyribozyme-mediated cleavage. The por- 
tions of the construct that correspond to the full-length product, the FMN- 
induced transcription product and the deoxyribozyme digestion products FL* 
and T* that are derived from the full-length and terminated RNAs, respec- 
tively, are also identified. The open arrowheads identify the site of FMN- 
modulated transcription termination. (8) PAGE analysis of the S' 32 P-labeled 
FL* and T- RNAs. RNAs were subjected to no additional reaction (NR) or were 
subjected to partial digestion with RNaseTI (T1) or alkali (-OH) asindicatedfor 
each lane. Bands corresponding to the FL* and T* RNAs, along with several T1 
digestion products, are identified. The T* RNA corresponds to termination at 

equivalent due to the absence of a 2',3'-cyclic phosphate (unpublished data). 
(O Schematic representation of ribD RNAs ranging from 280 to 284 nucleo- 
tides that carry three through seven U residues, respectively, in the U-rich 
domain (shaded box). Other than the U insertion or deletions, the RNA is 
identical in sequence to that of nucleotide 1-284 of the 304 ribD RNA. 
(D) Transcription termination assays with templates that encode the 304 r/6D 
RNA and for 280-284 ribD variants that carry three through seven U residues, 
respectively, as indicated for each lane. Transcription reactions were con- 
ducted as described for Fig. 38 and incubated in the absence (-) or presence 
(+) of 100 i*M FMN. FL and T denote full-length and terminated RNA tran- 
scripts, respectively. The numbers below each gel image reflect the relative 
level of FMN-induced termination compared with the n 



To explore the importance of the second U-rich domain in 
greater detail, we constructed a series of ribD constructs in which 
the number of U residues comprising this domain were varied 
from three to seven (Fig. AC). In vitro transcription of the DNA 
templates that encode either seven or six U residues yielded near 
wild-type levels of FMN-induced transcription termination (Fig. 
4D). In sharp contrast, constructs that carry fewer than six U 
residues do not exhibit FMN-dependent modulation of tran- 
scription termination. These observations indicate that tran- 
scription termination occurs at positions near the end of the 
second U-rich domain and that a stretch of at least six U residues 
is required for FMN-modulated termination. 

The ypaA mRNA Riboswitch Uses a Shine-Dalgarno (SD) Sequestration 
Mechanism. Comparative sequence analysis (9) indicates that a 
second type of expression platform also can be brought under the 
control of RFN-base-d riboswitches. For example, theypaA gene, 
which encodes a riboflavin transport protein, carries an RFN 
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Fig. 5. FMN-induced structure modulation of the ypaA riboswitch. (A) 
Structural probing of the 349 ypaA RNA (arrow) in the presence (+) and 
absence (-) of 1 00 ,u.M FMN. The bar identifies the region of cleavage products 
that is expanded in B Inset. Additional details are as described for Fig. IB. (B) 
Secondary-structure model of the 349 ypaA RNA and the nucleotide positions 
of spontaneous cleavage in the presence (yellow and green) and absence 
(yellow and red) of FMN as identified from A. Nucleotides marked with an 
asterisk have been altered from the wild-type sequence to generate a restric- 
tion site. Sequences not depicted in the 133- and 45-nt domains can be 
obtained from the B. subtilis genome sequence (23). (/met) An image of an 
extended PAGE separation of the region encompassing the SD element. (C) 
Proposed mechanism for the FMN-modulated formation of structures within 
the expression platform that control translation. RNA domains ii and Hi form 
in the absence of FMN, thus exposing the SD element for ribosome binding. In 
contrast, FMN binding requires the formation of PI, which occupies RNA 
domain ii and permits the sequestration of the SD element by RNA domain Hi. 



element (Fig. 5) that is followed by putative anti-SD and 
anti-anti-SD elements. In-line probing of a 349-nt construct that 
encompasses the 5' UTR of ypaA (Fig. 5A) demonstrates that the 
RNA undergoes significant structural modulation after the 
addition of FMN. Nearly all structure modulation within the 349 
ypaA RNA (Fig. SB) occurs at positions corresponding to those 
that undergo FMN-induced change in ribD RNA. 

In addition, we noticed that the 349ypaA RNA exhibits structural 
modulation in the region occupied by the SD element (Fig. 5jB 
Inset). This observation indicates that the expression platform 
indeed might be exploiting the FMN-dependent formation of a 
structure that restricts ribosome access to the SD element. A model 
for the mechanism of this expression platform is depicted in Fig. 5C. 
In the absence of FMN, the anti-anti-SD element (domain it) is free 
to base-pair with the anti-SD element (domain iii), thus presenting 
the SD element (domain iv) in an unencumbered structural context. 
However, FMN-binding to the RFN element requires formation of 
the PI stem between domains i and ii, which permits the anti-SD to 
pair with and sequester the SD element. Consistent with this model 
is the fact that the 5'-most nucleotides (139-143) within domain ii 
do not undergo significant modulation of spontaneous cleavage 



after FMN addition, whereas the 3'-most nucleotides (positions 
144-147) exhibit an increase in spontaneous cleavage (Fig. SB). 
This observation is expected if the 5' portion of domain ii is 
base-paired in the absence (anti-anti-SD structure) or presence (PI 
structure) of FMN, whereas the 3' portion of domain ii is unpaired 
only when FMN is bound. 

Discussion 

RNA structural probing studies with the 5' UTRs of ribD and 
ypaA RNAs confirm that the highly conserved RFN element is 
a natural FMN-binding aptamer. This RNA motif exhibits an 
exceptionally high affinity for its target ligand (apparent K D of 
<10 nM). As with the two natural metabolite-binding aptamers 
reported (2, 4), the FMN-binding domain of ribD exhibits a high 
level of discrimination against closely related compounds. Fur- 
thermore, both the thiamine pyrophosphate- and the FMN- 
dependent aptamers require the presence of phosphate groups 
on their respective ligands to bind with the highest affinity, which 
is a somewhat surprising achievement for a polyanionic receptor 
molecule. These aspects of molecular recognition are of partic- 
ular importance in a biological setting, where the promiscuous 
binding of closely related biosynthetic intermediates would 
interfere with proper regulation of genetic expression. 

The role of the natural FMN aptamer in these two instances most 
likely is to serve as the recognition domain for FMN-dependent 
riboswitches that control gene expression of the riboflavin biosyn- 
thetic operon and the riboflavin transporter in B. subtilis. Prelim- 
inary investigations into the mechanisms used by the associated 
expression platforms in both cases are consistent with those pro- 
posed from comparative sequence analysis data (9). Specifically, 
ribD RNA undergoes an increased frequency of transcription 
termination after the addition of FMN. This is perhaps the most 
efficient riboswitch mechanism for controlling the expression of 
large operons, because termination of transcription in the 5' UTR 
prevents the synthesis of long mRNAs when their translation is 
unnecessary. Indeed, regulation by transcription termination may 
be common among many bacterial species (26). A search for 
sequences in the B. subtilis genome that could form terminator- 
antiterminator elements revealed nearly 200 candidates (27). In 
contrast, the riboswitch in theypaA mRNA leader seems to control 
ribosome access to the SD element. Although the entire sequence 
of this smaller mRNA would be produced, this genetic control 
mechanism permits the organism to respond rapidly to declining 
concentrations of FMN. 

Our findings provide additional evidence in support of earlier 
speculation (3, 8, 28-31) that mRNAs have the ability to play an 
active role in sensing metabolites for the purpose of genetic 
control. It seems likely that new riboswitches will be discovered 
that respond to other metabolites and exhibit more diverse 
mechanisms of genetic control. The riboswitches examined in 
this study provide examples of two mechanisms for expression 
platform function for the down-regulation of gene expression. 
However, we speculate that there will be instances where gene 
expression might be increased in response to metabolite binding 
to mRNAs. For example, certain enzymes that make use of the 
riboswitch effectors coenzyme B >2 (2), thiamine pyrophosphate 
(4), and FMN might make use of expression platforms that 
permit gene activation. If the occurrence of these or other 
ribosw itches extends across the phy logenetic landscape, or if they 
are used to control the expression of more than just biosynthetic 
and transport genes, then it is likely that a greater diversity of 
genetic control mechanisms will be discovered. 
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